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CHAPTER 1 

Introduction 

 

 

1.1 Rationale 

Breast cancer is the most prevalent type of cancer in women worldwide (1). In the western 

world the risk for a woman of developing invasive breast cancer during her lifetime is 1 in 

8, and the risk of dying from invasive breast cancer is 1 in 36 (2). Conventional triple 

diagnosis consists of palpation, mammography and fine-needle cytology, which is nowa-

days often supplemented with ultrasonography (3). Lesion staging requires precise know-

ledge of the size, as well as of the presence or absence of lesions in other quadrants of the 

breast. Unfortunately, conventional triple diagnosis is insufficient in this respect. For 

instance, 9% to 30% of malignant lesions are not identified with mammography (4-8), 

while 11% to 15% of malignant lesions are not identified with ultrasonography (6,7). 

Furthermore, when a lesion is detected on mammography or ultrasonography, the size is 

often underestimated and multicentric or multifocal disease may be overlooked (6,7). 

Moreover, lesion detection on mammography is less sensitive in women with dense breast 

tissue (8,9).  

In recent years there has been an increasing interest in Magnetic Resonance Imaging 

(MRI) as a non-invasive diagnostic modality for the work-up of suspicious breast lesions. 

The sensitivity of MRI for diagnosing breast cancer is over 90%, the specificity around 

70% (10). The additional value of MRI in the staging of breast lesions lies in its capability 

to depict multicentric and multifocal disease, to assess the tumor in a three-dimensional 

way and to detect cancer in dense breast tissue (10). 

Recently, ultra-high field 7.0 Tesla MRI has become clinically available, which offers 

new diagnostic possibilities. At ultra-high magnetic field strength images can be acquired 

at a higher spatial resolution, allowing smaller structural details to be depicted. For breast 

cancer this means not only detection of smaller lesions, but also increased morphologic 

detail of lesions that may aid classification and better delineation of lesion extent. 

In addition, the higher spectral resolution and sensitivity of 7T MRI makes this ultra-

high field strength ideal for Magnetic Resonance Spectroscopy (MRS), in which various 
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metabolite levels can be measured in vivo. Phosphorus may be one of the most promising 

nuclei in studying oncology with MRS. However, because of the very low metabolic con-

centrations in fibroglandular tissue, this requires highly efficient and sensitive breast coils 

and optimized pulse sequences to obtain the highest signal-to-noise ratio (SNR) possible. 

With these prerequisites in place, MRS imaging can possibly increase breast cancer 

detection specificity and also could be a tool for treatment efficacy monitoring. 

Development of optimized pulse sequences for 31P MRS in breast cancer research is the 

main theme of this thesis, ultimately leading to a feasibility study of monitoring neo-

adjuvant chemotherapy using 31P MRS. 

Surgical treatment of breast cancer is sometimes preceded by chemo-, hormonal- and/or 

trastuzamab therapy (neo-adjuvant) to reduce tumor volume. Although most tumors 

decrease in volume in response to neoadjuvant therapy, volume reduction as assessed by 

MRI is not a reliable measure of therapy efficacy in terms of survival rate. The most 

accurate and relatively early predictor of survival rate is the absence of any tumor cells in 

the excised specimen. However, this complete pathological response is only seen in less 

than 20% of the patients (11). Moreover, this response is measured after completion of the 

entire neo-adjuvant therapy. To enable early switching to a more favourable neoadjuvant 

regime there is a need for monitoring neoadjuvant therapy efficacy. Rather than observing 

morphologic alterations of the tumor by MRI, monitoring of tumor metabolism by means 

of phosphorus magnetic resonance spectroscopy may offer a better window to assess neo-

adjuvant therapy efficacy. 

  

 

1.2 31P in the living cell 

Phosphorus plays an important role in the energy and phospholipid metabolism of the 

living cell. The metabolites involved in energy metabolism are the mono-, di- and tri-

phosphates of adenoside (AMP), (ADP), (ATP) respectively, phosphocreatine (PCr) and 

inorganic phosphate (Pi), for which the molecular structure is shown in Figure 1.1. 

Phospholipids are the major constituents of all membranes in the cell. The most abundant 

class of phospholipids are the glycerophospholipids that can be subdivided into glycero-

phosphatidylcholines, -ethanolamines, -serines, and -inositols, as shown in Figure 1.2. Of 

these subclasses the glycerophosphatidylcholines and -ethanolamines have the highest 

abundance. The most important small aqueous phosphorus intermediates in the biosynthe-
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sis of phospholipids are phosphocholine (PC) and phosphoethanolamine (PE), which are 

called phosphomonoesters (PME). Their glycerol derivatives glycerophosphocholine 

(GPC) and glycerophosphoethanolamine (GPE) are products of phospholipid breakdown 

and are called phosphodiesters (PDE), see Figure 1.3. 

 

Figure 1.1. Some phosphorus metabolites involved in energy metabolism of the cell. 
 

 
Figure 1.2. The glycerophospholipids. 
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Figure 1.3. Intermediates in phospholipid biosynthesis and breakdown. 
 

 

1.3 31P in cancer 

From preclinical and clinical studies it is known that phospholipid metabolism is signifi-

cantly altered in cancers (12,13). Almost all cancers display elevated PC and increased 

total choline-containing metabolites (13). In the breast for instance, a switch from high 

GPC / low PC to low GPC / high PC can be detected following malignant transformation 

(14). By measuring phospholipid metabolites MRS can be used as a tool for diagnosis of 

breast cancer, but more importantly for the monitoring of chemotherapy response, as has 

been shown in preclinical studies (15,16). As a rule of thumb, the ratio of PME to PDE 

goes up in cancer, with unrestrained cell multiplication, while in successful chemo-, radio-, 

or ablation therapy this ratio goes down. Measuring the concentration ratios of these 

metabolites in vivo with MRS can possibly enhance cancer detection and improve therapy 

efficacy monitoring. However, so far preclinical research has only been translated into 

clinical research of very large tumors (> 3 cm) due to limited detection sensitivity of 

phosphorylated compounds in the human breast at 1.5 T MR systems (17). 

 

 

1.4 Sensitivity of 31P MRS 

Although 31P MRS is, due to the lower gyromagnetic ratio, far less sensitive than proton 

MRS, there are a number of benefits that make 31P MRS more suitable to measure the 

PMEs and PDEs in vivo. With 31P MRS, PMEs can be easily distinguished from PDEs due 

to the larger chemical shift dispersion for phosphorus. At high magnetic field it even 

 10
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becomes possible to distinguish PC from PE as well as GPC from GPE (Figure 1.4a). The 

spectral resolution of in vivo proton spectroscopy is not sufficient to distinguish mono-

esters from diesters and only a ‘total choline’ signal, which also contains the (G)PEs can  

be  measured  (Figure 1.4b).  Moreover, proton  spectroscopy suffers from  disturbing sig-

nals from lipids and water, that are many orders of magnitude larger than the metabolite 

signals of interest, while 31P MRS is thought to be free from these disturbing signals. 

 

 

Figure 1.4. (a) In vivo 31P MR spectroscopy of a voxel containing a malignant breast tumor (18). 
(b) Ex vivo 1H NMR spectra of non-malignant breast epithelial cells and malignant breast cancer 
cells, with added hypothetical (lower resolution) in vivo signals, modified from (19).  
 

 

1.5 Challenges of ultra-high field 31P MRS 

Signal-to-noise ratio as well as spectral resolution of 31P MRS can be improved by going to 

higher field, as SNR and spectral resolution increase with the magnetic field strength. A 

drawback of going to higher field is the impediment to effectively apply proton decoupling 

and utilize signal enhancement by the Nuclear Overhauser Effect (NOE), which has been 

applied at lower field strengths (20,21). Decoupling and NOE add to RF energy deposition, 

which is already troublesome in ultra-high field in vivo MRS. Moreover, proton decoupling 

and NOE are less effective at ultra-high field, due to increased spectral linewidth and 

increased relaxation by chemical shift anisotropy over dipolar relaxation, respectively.   

In addition, high magnetic field strength comes with its own specific challenges such as 

complicated B0-shimming, less penetration depth of the corresponding high radio 

frequency (RF) pulses, more RF energy deposition of these pulses, shorter transverse 
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relaxation times, T2 as well as T2*, caused by magnetic field inhomogeneities of the main 

magnetic field or due to susceptibility differences between different tissues. 

As the breast generally contains many glandular to lipid transitions that cannot be 

shimmed away, and metabolite concentrations in glandular tissue are low, 31P MRS of the 

breast is very challenging. Moreover, 31P MRS signals from the underlying pectoralis 

muscles may contaminate the signal from the glandular tissue, thus necessitating a form of 

localization. Localization of the 31P MRS signal is also required to distinguish healthy 

glandular tissue from cancerous glandular tissue. Throughout this thesis magnetic 

resonance spectroscopic imaging (MRSI), also called chemical shift imaging (CSI), 

attained by phase encoding, is used for localization. 

 

 

1.6 Thesis outline 

The main theme of this thesis is developing pulse sequences for improving the SNR of 31P 

MRS, and in particular improving SNR for the PMEs and PDEs, to enhance breast cancer 

detection specificity, and enable monitoring of neoadjuvant chemotherapy. This thesis is 

an example of progressive scientific insight. During the course of the investigation, the 

methods improve and are combined leading to higher SNR and the spectroscopic inter-

pretation of the data gets more refined when more data become available. 

Chapter 2 deals with a method to enhance SNR of PMEs and PDEs by combination of 

proton to phosphorus polarization transfer and direct detection within the same repetition 

time. 

In chapter 3 another possibility of enhancing SNR of 31P MRS, tailored for high 

magnetic field, is explored by combining a pulse acquire sequence with multi-echo acqui-

sition. At high magnetic field, T2* values are usually up to an order of magnitude smaller 

than T2 values of small molecules and the rapid signal loss can be regained by a multi-echo 

sequence. The SNR can be increased even a factor √2 more by acquiring symmetric 

echoes. This method is applied in chapter 4 to measure metabolite ratios in breast glandular 

tissue of healthy volunteers.  

Chapter 5 zooms in on the PDE signals in the breast that show odd behaviour. It appears 

that chemical shift values are approximately -0.5 ppm off from GPE and GPC, and T1 and 

T2 values of the PDE signals are much shorter than expected. 
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The methods of chapters 2 and 3 are combined in chapter 6, leading to a sequence 

where multi-echo direct detection is integrated with multi-echo polarization transfer 

(DIMEPT) to obtain the highest SNR possible. 

The feasibility of monitoring neoadjuvant chemotherapy with in vivo 31P MRS is 

investigated in chapter 7. This patient study is based on the method described in chapter 3. 

Future patient studies might benefit from the method described in chapter 6, which 

increases SNR even more. 
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CHAPTER 2 

Increase in SNR for 31P MR spectroscopy by 

combining polarization transfer with a direct 

detection sequence 
WJM van der Kemp, VO Boer, PR Luijten, Wijnen JP, DWJ Klomp.  

Magnetic Resonance in Medicine. 2012; 68: 353-357. 
 

 

2.1 Introduction 

Phosphomonoesters (PME) and phosphodiesters (PDE) are involved in phospholipid 

metabolism and have shown clinical potential to be used as biomarkers in oncology and 

neurological disorders (1-10). The concentration of these metabolites can be obtained using 
31P MRS. However, direct 31P measurement in vivo is hampered by an intrinsic low 

sensitivity. Enhancement of signal-to-noise ratio (SNR) can be obtained by increasing the 

magnetic field (B0) and by 1H to 31P polarization transfer (PT) techniques. For instance a 

RINEPT (11) (refocused insensitive nuclei enhanced polarization transfer), a sRINEPT 

(selective RINEPT) (12,13) or its adiabatic variant the BINEPT (14,15) have been shown 

to effectively transfer the stronger polarization of proton spins to the phosphorus spins.  
Due to interfering inter-proton coupling, the intrinsic signal intensity for a (B/R)INEPT 

and direct 31P detection are approximately equal (16). With a sRINEPT, the inter-proton 

coupling is refocused, but its increased sensitivity is almost lost by additional T2 relaxation. 

However, as these polarization transfer techniques are based on polarization of a complete 

different pool of spins (1H) compared to direct detection (31P), the SNR per unit of time 

will be more favorable since T1(1H) << T1(31P) (12,16). 

The signal intensity obtained with a 1H to 31P polarization-transfer sequence is related to 

the population difference of the 1H spins. Apart from B0 magnetic field strength, this differ-

ence is related to perturbation and T1 relaxation of proton spins prior to excitation. This 

implies that this signal intensity is independent of any perturbation or relaxation of 31P 

spins prior to excitation. Polarization transfer leads to 31P spin population differences 

(polarization), and subsequent 31P excitation, irrespective whether there is Boltzmann 
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equilibrium (full relaxation) of the 31P spins or not. When using a polarization-transfer 

technique that contains a segmented BIR-4 zero degree pulse on the 31P channel (Figure 

2.1, BINEPT), there is no direct excitation of 31P spins by the BINEPT, only the 

transferred polarization is excited. Therefore, direct detection can be combined with 

polarization-transferred detection within the same scan time without compromising SNR of 

the polarization-transferred signal. In fact, combining these signals will result in enhanced 

SNR for coupled spins, but also provides information of spins that are not detected by 

polarization transfer sequences. 

Using phantom measurements we first demonstrate that direct 31P detection can be 

merged into a polarization-transfer sequence without affecting the polarization-transfer 

SNR. 

 

Figure 2.1.  Combined BINEPT-SE sequence used for 31P MR spectroscopy. Pulse parameters 
for the 1H channel. Segmented BIR-4 90°: frequency sweep 8.0 kHz, B1max = 962 Hz, duration 
per segment 2.5 ms; BIR-4 180°: frequency sweep 13.3 kHz, B1max = 1435 Hz, duration 6.0 
ms. Pulse parameters for the 31P channel: segmented BIR-4 0°: frequency sweep 10.0 kHz, 
B1max = 1400 Hz, duration per segment 2.0 ms; BIR-4 180°: frequency sweep 10.0 kHz, B1max 
= 1700 Hz, duration 8.0 ms. 
 

With the aim of being able to detect very small concentrations of phospholipid metabolites, 

we implemented the adiabatic version of a polarization transfer (BINEPT) technique for 7 

T, and combined this with an adiabatic direct 31P detection sequence. In vivo validation of 

the combination of the polarization-transfer sequence with the additional adiabatic direct 
31P detection was performed in the human calf muscle where ATP and PDE are highly 

abundant. Using a sensitivity optimized quadrature transmit and receive breast coil double 

tuned to 1H and 31P, we demonstrate the optimal detection of very-low concentrations of 

PMEs and PDEs in the healthy human breast with the BINEPT, whilst enabling the 

detection of the non 1H-coupled signals of inorganic phosphate and ATP at the same time. 
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2.2 Experimental 

2.2.1 Implementation of combined polarization transfer with direct detection 

An adiabatic version of the polarization-transfer sequence (BINEPT) was used to minimize 

sensitivity to the non-uniformities in B1 fields that are observed at 7 T. The modulation 

functions for the segmented adiabatic BIR-4 0° and the BIR-4 180° pulses were adopted 

from Garwood and Ke (17). In this approach the B1 field fb and the frequency sweep 1 of 

the four segments of the BIR-4 are given by 
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)tan(
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where  = 10, tan() = 20 and   = 4t/Tp with t, time, Tp the total pulse duration, fbmax the 

maximum B1 field expressed as B1 and swmax the maximum frequency sweep. A limitation 

of our MR system is that pulses on different channels cannot have the same starting time. 

For this reason the combined sequence was implemented as depicted in Figure 2.1, in 

which the reference points of segment 1 and segment 4 of the segmented BIR-4 pulses on 

the two channels are shifted by  = 0.5 ms, similar to that reported by Klomp et al. (12).  

Details about the applied adiabatic pulses are summarized in the figure legend. 

Adiabaticity of the pulses was verified by assessing SNR variations in phantom 

experiments when lowering the used B1 values of the pulses at both the 1H and the 31P 

channel. The optimal echo times, TE1 = 41 ms and TE2 of 34 ms, were obtained at 7 T 

through quantum mechanical simulations (TOPSPIN, Bruker Biospin, Billerica, MA, 

USA) and in a phantom measurement containing phosphoethanolamine (PE) and phospho-

choline (PC). Since the spectral line widths observed in vivo are substantially larger than 

the J-coupling values between the 31P and 1H spins, no 1H decoupling has been applied. 

Likewise Nuclear Overhauser enhancement techniques have been omitted for their effects 

may be marginal due to dominance of chemicals shift anisotropic relaxation for most 31P 

nuclei at higher fields (18).  
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For accurate comparison to the polarization-transfer sequence, the direct detection 

method is performed with the same RF pulses and echo time (TE2) as used in the 31P spin-

echo part of the BINEPT sequence (Figure 2.1). Therefore, RF pulse profiles and T2 effects 

have minimal effect on SNR differences. Although it is expected that the SE sequence 

would not affect the signals obtained with the BINEPT, the BINEPT will affect the signals 

obtained with the SE, which is due to the BIR-4 180° pulse of the BINEPT on the 

phosphorus channel that leads to partial inversion of longitudinal 31P magnetization. The 

steady-state longitudinal magnetization Mz,ss of such an inversion-recovery sequence (i.e. 
31P part of the BINEPT sequence) with spin-echo detection can be written as 

)221( 111 //)2/(/
0,

TTTTETTT
ssz

RRI eeeMM   ,  [2.5] 

where TI is the inversion time, the delay between BINEPT and SE. Since, in the case of our 

implementation of the combined BINEPT-SE, the inversion time TI = ½TR (there are two 

inversion pulses approximately equidistant in one TR) and TE << TR, equation [2.5] can be 

simplified to 

)1( 12/
0,

TT
ssz

ReMM  .      [2.6] 

The other pulses on the 31P channel do not affect the SE signal since the segmented 

BIR-4 0° pulse on the 31P channel causes an identity transformation and no direct 

excitation.  

  

  

2.2.2 Measurements 

As a proof of principle, 31P MRS measurements were obtained with a BINEPT sequence 

and a direct detection sequence (adiabatic SE, with the same TE(31P) of 34 ms as used in 

the BINEPT) at various TR for each sequence separately, and combined within the same 

TR. A spherical phantom of 4 cm in diameter, filled with 12 mM PE and 15 mM PC 

solution buffered to pH = 7.0, was used and submersed in a larger semi-sphere filled with 

NaCl solution for RF loading of the coil, similar as the loading of the human breast. 

Measurements were performed with a whole body 7 T MR system (Philips, Cleveland, 

USA) using a sensitivity-optimized unilateral dual-tuned quadrature coil (19). Since 1H 

decoupling and NOE techniques are excluded from the measurements, RF power 

deposition remained well within SAR guidelines (20). 
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The sequence was tested on the calf muscle of a male volunteer using a TR of 5 s and 60 

averages and, for comparison to a BINEPT, with TR of 5 s and 64 averages. To explore the 

feasibility in detecting low concentrations of phosphorylated metabolites, the combined 

BINEPT-SE sequence was applied in vivo to the breast of a healthy female volunteer. The 

volunteer was positioned in prone position, with her left breast in the quadrature coil setup. 

The combined sequence was applied to the subject using a TR of 5 s with 128 averages. 

Written informed consent was obtained from the volunteers and the study was approved by 

the local medical ethics review board. 

 

 

2.3 Results 

B1 measurements obtained from the loaded phantom were used to assess the performance 

of the adiabatic RF pulses. Simulated frequency profiles of the pulses show accurate flip 

angles (>95%), over the chemical shift range of interest of 3.8 ppm, that comprises the 

PMEs and PDEs, even in the regime of 60% of the applied B1 (Figure 2.2). 

Phantom measurements have demon-

strated that more than 95% of the original 

SNR is obtained when applying the RF pulses 

at 60% of the nominal B1 (data not shown). 

Phantom measurements obtained with the 

BINEPT and SE sequence demonstrate sub-

stantial different signal attenuation with 

respect to TR (Figure 2.3a-d). However, when 

combining the SE sequence with the 

BINEPT, the SNR levels of the BINEPT 

(Figure 2.3a) remain similar to the single 

BINEPT (Figure 2.3c). The decrease in SNR 

with increasing TR is caused by less sample 

averages at higher TR, as the total  scan dura- 

 
 
Figure 2.2. Simulated frequency profile of the 
refocused component of the BIR-4 180° 
refocusing pulse at a B1max of 1700 Hz (solid 
line) and 1000 Hz (dashed line), i.e. at 100% 
and 60 % of the nominal max. B1. 

tion per  spectrum is  kept  constant. The signal  attenuation  observed  in the SE part of the 

combined sequence is caused by the inversion recovery, as described by equation [2.6]. A 

fit to the data results in T1 values of 6.2 ± 0.1 s and 5.5 ± 0.1 s for PC and PE respectively, 

19 



 

see Figure 2.3e. These values correspond well to the T1-values obtained using the SE 

sequence exclusively, 5.9 ± 0.1 s and 5.6 ± 0.1 s (data not shown). 
 

 

Figure 2.3. Measured 31P MRS data on a PC and PE containing phantom. 31P MR spectra for a 
combined BINEPT – SE sequence (a,b) and for separate BINEPT (c) and SE (d) sequences at 
various TR, with fixed scan times of 80 s. Note that the BINEPT is hardly affected by an additional 
31P MR SE experiment in one TR. (e) Measured SE(combined sequence) signal intensities of PC and 
PE in the phantom, fitted to equation [2.6]. The T1-values obtained from the fit were 6.2 s for PC 
and 5.5 s for PE. 
 

The combined sequence can be applied to obtain a BINEPT at the same SNR in the same 

time that one would need to obtain a normal BINEPT MR spectrum, but now with all the 

additional information that direct detection provides. This is shown in Figure 2.4 for 31P 

MR spectra of the calf muscle of a healthy male volunteer. Note that in the direct detected 
31P MR spectra, the resonances of the PMEs overlap with levels of phosphate sugars.  

The 31P breast MR spectra of a healthy female volunteer are shown in Figure 2.5. Here 

the combined [BINEPT + SE]NSA=128 MR spectra show well-separated and artefact-free 

resonances of PME and PDE in the BINEPT data (Figure 2.5a), while in addition, Pi and 

ATP resonances are observed in the SE data (Figure 2.5b). 
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Figure 2.4. 31P MR spectra of the calf muscle of a healthy male volunteer. Combined 
[BINEPT + SE]NSA=60 (a,c) sequence; and separate [BINEPT]NSA=64 (b) sequence. Repetition 
time TR = 5 s. All MR spectra are scaled to the same noise. 
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Without sacrificing SNR, nor scan-time, the combined BINEPT and SE MR spectra 

provide more metabolite information than MR spectra obtained with a BINEPT alone. 

Also note that both the BINEPT as well as the SE MR spectra have signals from PME and 

PDE while their noise is uncorrelated, which will improve SNR of these signals when 

applying weighted averaging. Since localization techniques have not been implemented in 

this sequence, large contaminating signals from PCr in the chest muscle are observed in the 

direct detected MR spectra.  

 

Figure 2.5.  31P breast MR spectra of a healthy female volunteer with the combined 
[BINEPT(a) + SE(b)]NSA=128 sequence, with an effective TR of 5 s. Note that these spectra 
are obtained from very low concentrated phospholipid metabolites in the healthy human 
breast. 
 

As the chest muscle is outside the coil volume, signals from the muscle, such as PCr, are 

out of phase because the adiabatic condition has not been reached due to the low B1 field in 

the muscle. Based on the signal of Pi in the SE spectrum, the linewidth can be determined 

as approximately 65 Hz. 

 

 

2.4 Discussion 

This study shows that polarization transfer, e.g. using BINEPT, and an adiabatic direct 

detection method can be combined in one repetition time without compromising the 
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intensity of the polarization-transferred signal. However, the signal from direct detection is 

impeded because the BIR-4 180° pulse from the BINEPT on the 31P channel acts as an 

inversion pulse for the longitudinal 31P magnetization, giving rise to an inversion-recovery 

sequence for direct detection. In the present implementation of the combined sequence, the 

BINEPT and the SE sequence each comprise half TR, giving rise to a SE signal propor-

tional to Eq. [2.6]. However, this latter signal can be maximized by making the inversion 

time, i.e. the time between the BIR-4 180° and the adiabatic half passage of the direct 

excitation sequence on the 31P channel, as short as possible, without compromising the 

acquisition time of the BINEPT. 

Chemical shift dispersion is increased at higher field strength, making spectral resolu-

tion of PC and PE and their glycerol derivatives possible under favorable conditions. How-

ever, in the human breast spectral resolution is hampered by susceptibility differences 

between fat and glandular tissue as well as by fluctuating magnetic fields from breathing 

and heart beat, so that at present only the sum signals of PC, PE (i.e. PME) and GPC, GPE 

(i.e. PDE) can be observed in Figure 2.5. Respiratory and cardiac gating, or dynamic shim-

ming, can mitigate the disturbing dynamic influences on the acquired signal, such that the 

peaks of the individual metabolites may be observed. In order to be more useful for breast 

cancer evaluation, MR spectra may need to be spatially resolved, which can be realized by 

integrating CSI in the combined sequence.  

In calf muscle, shimming conditions are more favorable than in the breast and PC, PE 

and GPC, GPE can be resolved as shown in Figure 2.4. The -ATP signal in Figure 2.4c is 

out of phase and the β-ATP signal is absent because the bandwidth of the adiabatic 

refocusing pulse (BIR-4 180°, Figure 2.2) is limited. Although a SE was chosen as a direct 

detection method, a conventional pulse acquire sequence can be used as well, which may 

include an excitation pulse with a higher bandwidth. Because of the short T2* at 7 T and 

consequently broad line widths that already at 3 T can go up to 62 Hz (21) in the breast, 

proton decoupling for spins that have J-coupling values of only 6 Hz may not improve 

spectral resolution or SNR. In fact, by avoiding proton decoupling, shorter TR-values can 

be used without violating SAR guidelines, hence maximizing SNR per unit of time. 
31P MRS is less sensitive than 1H MRS, however, as shown in this study, polarization 

can be transferred from 1H to 31P in human subjects even at the field strength of 7 T for 

increased SNR. In addition, using both 1H and 31P pools, the sensitivity of 31P MRS is 

increased even further. In fact, in contrast to 31P MRS studies reported at 1.5T (16,22), 

even in healthy human breasts, low levels of PMEs and PDEs can now be obtained within 
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clinically acceptable acquisition times. Rather than studying the total choline pool with 1H 

MRS, multiple metabolites in choline metabolism can be assessed with 31P MRS, which 

may improve specificity in grading tumors and monitoring of anti-cancer treatment 

response (22). 

 

 

2.5 Conclusions 

Polarization transfer, e.g. using BINEPT, and direct detection techniques can be combined 

in one repetition time without compromising the intensity of the polarization transferred 

signal. The SNR per time unit of the 31P MRS signals of PMEs and PDEs can therefore be 

increased by using an combined BINEPT - SE sequence. Or alternatively, the combined 

BINEPT - SE sequence can be used to obtain a BINEPT at the same SNR, but at the same 

time with the additional information on metabolite content (Pi, PCr, ATP) that direct 

detection offers. 
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CHAPTER 3 

Adiabatic Multi-Echo 31P Spectroscopic 

ImagiNG (AMESING) at 7 tesla  

for measuring transverse relaxation times  

and regaining sensitivity in tissues  

with short T2* values  
WJM van der Kemp, VO Boer, PR Luijten, BL Stehouwer, WB Veldhuis, and DWJ Klomp. 

NMR in Biomedicine 2013; 26: 1299-1307. 
 

 

3.1 Introduction 

Metabolites containing phosphorus play an important role in energy metabolism and 

phospholipid metabolism. Phospholipid metabolism, involving the phosphomonoesters 

(PME): phosphocholine (PC) and phosphoethanolamine (PE), and the phosphodiesters 

(PDE): glycerophosphocholine (GPC) and glycerophosphoethanolamine (GPE), is altered 

in many cancers (1-5). In contrast to proton Magnetic Resonance Spectroscopy (1H MRS), 

the signals of these metabolites can be measured by 31P MRS without the necessity of 

water or fat suppression. Additionally, while clinical in vivo proton MRS only leads to a 

‘total-choline’ signal (including all PME and PDE metabolites), 31P MRS can spectrally 

resolve PME and PDE metabolites. However, 31P MRS is hampered by an intrinsic low 

sensitivity that can be as low as 6.7% of the sensitivity achieved with proton spectroscopy. 

This is due to the fact that the gyromagnetic ratio of phosphorus spins is 2.5 times lower 

than that for proton spins and the intrinsic sensitivity is proportional to 3 (6). Signal-to-

noise ratio (SNR) in 31P MRS is further impeded by long longitudinal relaxation times.  

Apart from increased SNR at higher magnetic fields, T1 relaxation times of 31P spins are 

reduced, while due to tissue loss dominance of the receiver coils, the intrinsic sensitivity 

approaches a quadratic rather than third power dependence on the gyromagnetic ratio. 
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Moreover, the SNR in 31P MRS can be enhanced even further by using polarization 

transfer techniques (7-9) or by using the Nuclear Overhauser Effect (NOE) (10-12). 

However, in MRSI of tissues with strong susceptibility transitions, one often has to deal 

with a bad B0 shimming leading to a large loss in SNR because of short T2* values and the 

accompanying line broadening. Of course, in organs and locations where susceptibility 

differences are small, or extend significantly beyond the boundaries of the sample studied, 

T2* can be long, particularly with good B0 shimming. Therefore, MRS is very successful in 

many areas in the brain (13), prostate (14) or even inside relatively large tumors (15,16). 

But in the human breast B0 shimming is more problematic. The human breast contains 

many small glandular-to-lipid transitions that cannot be shimmed away due to their 

differences in susceptibility. Even after third order shim field corrections, the high number 

of glandular-to-lipid transitions generally present in the breast will cause a non-uniform B0 

field. A good B0 shim can only be obtained for voxels that solely contain glandular tissue, 

or in case of large tumors that remain well within its boundaries avoiding the transitions to 

lipids. But in small breast tumors, or even large breast tumors that have necrotic areas or 

lipid layers within the tumor (for instance caused by neoadjuvant chemotherapy), conven-

tional B0 shimming is usually poor. Dynamic shimming, however, may be of benefit for 

improving B0 fluctuations in time (17), and as a consequence SNR and spectral resolution, 

not only for the FID but also for multi-echo acquisitions. In cases where shimming is good, 

the multi-echo approach would require fewer echoes, and less SAR deposition to obtain 

good quality spectra. 

The loss of SNR, due to susceptibility effects can be regained by using multi-echo (18-

21) sequences. The multi-echo approach for regaining SNR is especially suitable for higher 

magnetic field strengths, where susceptibility effects are strong. These effects lead to 

reduced T2* values, while the T2 of many 31P metabolites is an order of magnitude larger 

than T2*. In addition, the increased chemical shift dispersion at higher magnetic field 

strengths provides less constraints to the spectral resolution, thereby permitting the reduc-

tion of the acquisition duration and hence increasing the number of echoes per unit of T2. 

Here we implemented an Adiabatic Multi-Echo Spectroscopic ImagiNG (AMESING) 

sequence with spherical k-space sampling (Figure 3.1) on a whole body 7 tesla MR system 

(Philips, Cleveland, USA). Spatial encoding is done using compensated phase encoding 

gradients, i.e. the echoes are not used for speeding up k-space sampling but for averaging 

and even enabling T2 measurements of 31P metabolites, while excluding T2-dependent 

spatial blurring.  
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Figure 3.1. Adiabatic Multi-Echo Spectroscopic ImagING (AMESING) sequence used for 31P 
MRS, acquiring a total of 1 FID and n symmetric echoes in one TR. An adiabatic half passage 
pulse was used for excitation and BIR-4 180° pulses for refocusing. 
 

The signals of the FID and the full echoes are combined in order to maximize SNR per unit 

of time. T2-weighted averaging can be applied for each metabolite separately, resulting in 

optimized SNR enhancement compared to a pulse-acquire sequence, even when applied at 

the Ernst angle (21). Note that Ernst-angle excitation leads to an SNR improvement of only 

11% as compared to a 90 degree excitation with a longer TR of 1.26T1. For metabolite 

quantification the signal from the AMESING sequence extrapolated from the T2 fit to t = 0 

ms can be used including correcting for coil sensitivity as described by Wijnen et al. (22). 

Here we demonstrate the validation of the AMESING sequence on the calf muscle and 

the regaining of SNR in the detection of low-concentrated 31P metabolites in the breast, 

obtained in a healthy female volunteer and in a breast cancer patient. The study was 

approved by the local medical ethics review board and written informed consent was 

obtained from the volunteers and the patient. 

 

 

3.2 Theory 

With the AMESING sequence, the FID signal and multiple echoes can be acquired. These 

are combined to maximize the SNR. In the following it is assumed that T2* << T2 and Tacq 

≥ 1.26T2*, making a multi-echo approach useful. A Tacq of 1.26T2* for a FID and 2.52T2* 

for a full echo leads to an optimal SNR when no filtering is applied (21). As maximizing 

SNR is a main objective, it is evident to sample the full echoes, that contain √2 more SNR, 

instead of half echoes. For illustrative purposes we consider two methods for combining 

the FID and the echoes: averaging and weighted averaging. The n symmetric echoes of the 

AMESING sequence can be considered equivalent to 2n half echoes (i.e. equivalent to 2n 



  

times the FID signal). The summed signal of the two echo parts of a symmetric echo can 

be written as 
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The average Sa of the FID signal, S0, with n symmetric echoes (i) 
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where S0 denotes the FID, Si with i = 1 to n the echoes, TE the echo time step and T2 the 

transverse relaxation time of a specific metabolite. The noise a of the average signal is 

given by: 
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where SNR0 = S0/0. 

The enhancement in SNR of signal averaging Ea, as compared to a single FID acquisition 

is 
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In case of weighted averaging of signals, the signals will be multiplied by a weighting 

factor wi and divided by the sum of the weighting factors. Therefore, the weighted average 

signal can be written as 
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with Si given by equation [3.1]. The weighted average noise can be written 
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where it is used that the noise for every signal, FID or (half) echo, is . We now 

substitute  

2
0

w0 = 1 and ,  [3.8]  2/ TTEi
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for the weights, and equation [3.1] for the signals, in equations [3.6] and [3.7]. The 

weighted average signal can then be written as  
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and the weighted average noise as 
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Combining [3.9] with the square root of [3.10] leads to the weighted average SNRwa  
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 and the SNR enhancement of the weighted average signal is given by 
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Figure 3.2a and 3.2b show enhancement in SNR for signal averaging and weighted 

averaging, equations [3.5] and [3.12] respectively, as a function of T2/TE and number of 

signals 2n+1: 1 FID and n symmetric echoes. The weighted average model shows a higher 

enhancement for all T2 values.  Both models predict that for T2 →∞, the enhancement 

approaches 12 n . For very short T2, the averaging model even leads to a SNR decrease 

with 12/1 n , while the weighted average model enhancement remains ≥1. 

 



  

 
Figure 3.2. Expected SNR enhancement of a metabolic resonance by acquiring 1 FID and n ≥1 
symmetric echoes as a function of T2/TE. (a) Signal averaging, Eq. [3.5]; (b) Weighted averaging, 
Eq. [3.12].  
 

It should be noted that the enhancement models Eq. [3.5] and [3.12] assume that T2 >> T2*. 

In fact, with the constraint that optimal acquisition times for the FID and the full echoes 

are Tacq(FID) = 1.26T2* and Tacq(full echo) = 2.52T2*, respectively (21), one can write for 

TE = 2.52T2*, neglecting pulse durations and gradient durations. Or when taking into 

account these durations TE = 2.52T2* + Tpulse + Tgradient.  

Thus far T1 effects have been neglected. Assuming steady-state conditions, T1 effects 

can be taken into account and the SNR per unit of time can be calculated for various pulse 

sequences. In Figure 3.3 a comparison is made of the SNR per unit of time for Ernst-angle 

excitation pulse acquire, 90° excitation pulse acquire, 90° excitation spin-echo acquisition 

(half echo), and the AMESING sequence with one FID and five full echo acquisitions for 

three different values of T2/TE. The SNR per unit of time is given in arbitrary units and is 

normalised to 1.0 for Ernst-angle excitation. From the figure it appears that even for values 

of T2/TE = 1 and 0.9 ≤ TR/T1 ≤ 1.8 the AMESING sequence already leads to higher SNR 

per unit of time than low-flip Ernst-angle excitation. In situations where T2/TE > 1 this 

range of TR/T1, where the SNR per unit of time for the AMESING sequence is higher than 

for low flip Ernst-angle excitation, becomes broader.  

Published T2 values for 31P metabolites at 7 tesla by Bogner et al. (23) in calf muscle 

range from 29 ms for -ATP to 314 ms for phosphodiesters. Using these T2 values and TE 

= 45 ms, 0.64 ≤ T2/TE ≤ 6.98, we expect SNR enhancements ranging between 1.0 and 2.3 

for ATP and phosphodiesters, respectively, when acquiring one FID and five symmetric 

echoes as compared to the acquired FID of the sequence. 

 

32 



CHAPTER 3: 31P AMESING at 7 T for measuring T2 and regaining sensitivity in tissues with short T2*  
 

33 

 
Figure 3.3. Comparison of SNR per unit of time for different pulse sequences: pulse 
acquire at 90 degree excitation PA(90°), at Ernst-angle excitation PA(Ernst angle), spin 
echo SE(90° T2/TE = 5), AMESING at different ratios of T2 over TE AMESING (n = 
5, T2/TE = 1, 5, ∞). 
 

Signal quantification of weighted average spectra can be done using equation [3.12]. For 

each individual metabolite the weighted average spectrum can be multiplied by the 

reciprocal value of equation [3.12], with the known fitted T2, leading to the signal at t = 0 

for that metabolite. Alternatively, one can directly scale the weighted average spectrum 

with the intensity at t = 0 obtained from the T2-fit per metabolite. Quantification, or 

calculating intensity ratios is then identical to quantification of a FID acquisition. This still 

gives the advantage of the SNR increase, but it applies a scaling factor as a function of T2 

that differs per metabolite. 

 

 

3.3 Experimental 

The AMESING sequence was implemented on a whole body 7 tesla MR system (Philips, 

Cleveland, USA). Both AHP excitation and BIR-4 refocusing pulses had a frequency 

sweep of 10.0 kHz and tangent frequency modulation and hyperbolic tangent amplitude 

modulation as described in Garwood and Ke (24). The AHP excitation pulse was driven 

with B1max = 1400 Hz power and had a duration of 2.0 ms and a > 95% excitation band–



  

width of 800 Hz. The BIR-4 180° was driven with a power of B1max = 1700 Hz and had a 

duration 8.0 ms and a > 95% refocused component bandwidth of 1100 Hz.  

The relatively long T2 and T1 of the 31P metabolites of interest are not expected to 

influence the performance of the adiabatic refocusing pulses (i.e. pulse-duration << T2, T1). 

During the adiabatic RF pulses, the spins are locked, therefore unaffected by T2*, and the 

bandwidth is an order of magnitude larger than the line broadening of the resonances.  

The RF power deposition stayed within SAR guideline as determined by experimentally 

validated numerical simulations (16,25,26) while applying one AHP and five BIR-4 180° 

pulses in a TR of 6 s. Since a surface coil was used at 7T, the SAR is determined by the 

local (hot spot) SAR. The effective B1 in the center of the breast before the local SAR 

value exceeds 20 W/kg (excluding a safety margin) is 8 T, which is less than the square 

root integral of the B1 during the AMESING sequence. When using AHP excitation, the 

optimal TR, with respect to SNR per unit of time, is 1.26T1 of the metabolites under 

investigation. The in vivo T1 for the PMEs and PDEs in calf muscle at 7 tesla range from 3 

to 6 seconds (23), while for the PMEs in the breast at 7 tesla values of 4.7 to 5.6 s have 

been reported (22).  

Individual resonances of PC and PE and GPC and GPE can be spectrally resolved (0.5 

ppm) under favourable B0 shimming conditions at 7 tesla. Considering the enhanced 

chemical shift dispersion at the higher field strength, an acquisition time of 16 ms (for a 

FID) provides sufficient spectral resolution (1/16 ms / 120MHz = 0.5 ppm) to enable dis-

tinction between (G)PC and (G)PE  resonances. Combined with the restraints of refocusing 

pulse durations, spoiler gradients and phase encoding gradients, the optimum echo interval 

(TE) that can be used in the AMESING sequence can go down to 45 ms for application in 

the human breast and calf muscle.  

The sequence was validated in the calf muscle of a healthy male volunteer and the 

breast of a healthy female volunteer, using 3D MRSI spherical k-space sampling with an 

8x8x8 matrix, voxels of 20x20x20 mm3, TR = 6 s, TE = 45 ms, acquiring 1 FID and 5 

echoes per TR with a total scan time of 25 minutes per volunteer. The calf muscle spectra 

were acquired with a dedicated 7.0 T double tuned 1H Quad / 31P Quad partial volume coil 

(Philips, Cleveland, USA). The breast spectra were acquired using a homebuilt, unilateral 

sensitivity optimised, dual tuned coil setup (16).  

After validation, the AMESING sequence was applied in a 50 year old female patient 

with breast cancer (histopathology: ductulolobular carcinoma of less than 2 ml). Here also, 
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1 FID and 5 echoes were acquired with TR = 6 s, TE = 45 ms in a scan time of 25 

minutes, using a 8x8x8 matrix with voxels of 20x20x20 mm3. Both FID and symmetric 

echoes were acquired with 256 data points, while the spectral bandwidth for the acquisition 

of the FID was 16.4 kHz and for the echoes 8.2 kHz to maintain equal acquisition 

durations for the FID and each half echo. In the case of the calf muscle, that can be B0-

shimmed adequately, the spectral resolution can be higher, however we use these settings 

for validation and illustration of the sequence in bad shim situations, comparable to the 

breast. 

The acquired data was spatially Hamming filtered (effective voxel size 39 ml) and apo-

dized in time domain using a Gaussian filter (calf muscle 12 Hz, volunteer glandular tissue 

10 Hz, pectoralis muscle 8 Hz, breast cancer patient 3 Hz). The FID was zerofilled to 1024 

data points and the echoes to 512 data points in the time domain to assure equal spectral 

resolution. The echo spectra were zeroth-order phased by matching the maximum signal of 

its real spectrum to its absolute spectrum. The zeroth-order phase of the FID is set to the 

phase of the even echoes. Therefore all spectra were zeroth-order phased before the 

weighted addition. The FID was also first-order corrected for the acquisition delay, and the 

baseline of the FID was corrected by means of fitting a second-order spline. SNR-weighted 

averaged spectra for the different 31P metabolites of the calf muscle were calculated. The 

weighted average was calculated according to equation [3.6] where the weights were 

estimated as the SNR of the peak of interest. The noise for FID, echoes, and weighted 

averaged spectra was calculated as the root mean squared standard deviation of the first 

and last 112 data points of the zerofilled spectra, way beyond metabolite resonances. SNR 

was calculated as the ratio of peak height and the standard deviation of the noise. The 

transmitter offset for 31P was at 2.8 ppm compared to PCr in the measurements of the 

volunteers and at 4.9 ppm in the case of the breast cancer patient, i.e. in between the PDE 

and PME resonances. Additionally, the signal intensity for all detected 31P metabolites was 

calculated from the echoes and from the FID signal, for a voxel in the calf muscle and a 

voxel with breast glandular tissue. The intensity data were mono-exponentially fitted as a 

function of TE, using Poisson weighting, to calculate T2 values for the various 31P 

metabolites. In case of -ATP, J-modulation that possibly leads to too short T2 values (27), 

was not taken into account, therefore reported as apparent T2. For the breast cancer 

example T2-weighted spectra for PE, PC, GPE and GPC were analyzed with the JMRUI 

software package (28), using AMARES (29) for spectral fitting. The calculated peak 

integrals for the different metabolites were normalized with the enhancement factor Eq. 



  

[3.12], based on the measured T2 values of the metabolites and PE/GPE, PC/GPC and 

PME/PDE ratios were calculated. This quantification method was first tested on a high-

SNR phantom. Calculated metabolite ratios obtained from the SNR-enhanced spectra of 

the phantom, corrected for T2 values, where within 4% of the metabolite ratios obtained 

from the high-SNR FID signal. 

 

 

3.4 Results 

Figure 3.4a-e show the FID and the SNR-weighted averaged 31P MR spectra acquired from 

a voxel of calf muscle. Although the calf muscle can be shimmed adequately, in this case a 

bad shim was simulated using the 16 ms acquisition time for the FID and appropriate time 

domain apodization to smooth the truncated FID. Figure 3.4a and 3.4c both depict the FID 

spectrum, only the scale is different. The increase in SNR for phosphocreatine (PCr) is a 

factor 2.2 by using PCr weighting (Figure 3.4b). For PDE with the longest T2, a factor 2.6 

is gained in SNR (Figure 3.4d). The SNR enhancement for inorganic phosphate (Pi), using 

Pi-weighting, is 1.5 (Figure 3.4e). The -ATP SNR-weighted average spectrum depicted in 

Figure 3.4f has an SNR that is similar to the SNR of the -ATP FID spectrum, that was 

acquired as the first shot of the sequence, because of the very short T2 of -ATP. All the 

weighted average spectra are scaled to the same noise level as the corresponding FID 

spectra.  

Signal decay as a function of the number of echo times are shown in Figure 3.5a-d for -

ATP, PCr, PDE, and Pi respectively, in a voxel of calf muscle. The T2 values for -ATP, 

PCr, PDE, and Pi, for the calf muscle data depicted in Figure 3.5a-d are 25 ± 6 ms, 193 ± 5 

ms, 375 ± 44 ms, and 96 ± 10 ms, respectively.  

Breast data of a healthy volunteer and a breast cancer patient are shown in Figure 3.6 

and 3.7, respectively. Figure 3.6 shows the data acquired for a Hamming filtered voxel 

with the pectoral muscle and a Hamming filtered voxel with glandular tissue. The SNR 

gain with the SNR-weighted sequence for PCr in the pectoral muscle is a factor 1.5, and 

for Pi in the glandular tissue voxel a factor 1.7. Despite the low intensity of the metabolic 

signals in glandular tissue, we were still able to fit a T2 (136 ± 15 ms) for Pi as depicted in 

Figure 3.6b3. Even PDE, PME and -ATP can be clearly distinguished in the Pi-SNR-

weighted sum spectrum of Figure 3.6b2.  
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Figure 3.4a-e. FID 31P MR spectra (a, c) and corresponding SNR-weighted average spectra 
(b) PCr-SNR-weighted; (d) PDE-SNR-weighted; (e) Pi-SNR-weighted; (f) -ATP-SNR-
weighted, for a voxel in calf muscle. Weighted average spectra are scaled to the same noise 
level as the corresponding FID spectra. 

 
 



  

 
Figure 3.5. 31P MR Signal intensity as a function of the number of echo times for (a) -ATP, 
T2 = 25 ± 6 ms; (b) PCr, T2 = 193 ± 5 ms; (c) PDE, T2 = 375 ± 44 ms; (d) Pi, T2 = 96 ± 10 ms, 
respectively, in a voxel of the calf muscle of a healthy male volunteer. 
 

Figure 3.7a shows a Fat suppressed MR image of the left breast of a breast cancer patient. 

Encircled are a Hamming filtered voxel with the relatively small cancerous lesion (upper 

voxel) and a voxel of healthy breast tissue (lower voxel). Figure 3.7b and 3.7c show the 31P 

FID and the PME-SNR-weighted spectra, respectively, of the cancerous lesion and d and e 

of the voxel with healthy tissue. The SNR gain for PE, when using the SNR-weighted echo 

sequence, is a factor of two as compared to the FID of the sequence. T2 values of the 

phosphomonoesters and diesters fitted to the experimental data, range between 170 and 

210 ms. As an example the T2 fit for PE is shown in Figure 3.7f. The fitted PE/GPE, 

PC/GPC and PME/PDE ratios that are corrected for T2 effects are 2.7, 1.8, and 2.3, 

respectively. 
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Figure 3.6. (a) Water suppressed breast MR image of a healthy volunteer, with encircled a voxel 
of pectoral muscle and a voxel of glandular tissue; (b1) FID 31P MR spectrum of glandular tissue; 
(b2) Pi-SNR-weighted 31P MR spectrum of glandular tissue; (b3) T2 plot for Pi in glandular tissue, 
T2 = 136 ± 15 ms; (c1) FID 31P MR spectrum of pectoral muscle; (c2) PCr-SNR-weighted 31P MR 
spectrum of pectoral muscle. 

 

 

3.5 Discussion 

Intrinsic sensitivity of 31P MRS improves at higher magnetic fields, providing a tool to 

detect phosphor containing metabolites that cannot be distinguished with 1H MRS. Even in 

areas where susceptibility differences are high, spectral resolution in 31P MRS may be 

sufficient to detect the metabolites of interest, albeit at compromised sensitivity. Although 

in cases where T2* << T2, higher fields will not help to improve spectral resolution signifi-

cantly, apart from J-coupling effects on the line width, here we demonstrate that sensitivity 

can be regained in these bad shim situations when using multi-echo acquisitions. Provided 

that TR doesn't need to be prolonged to > 1.26T1 due to SAR deposition, T2 >> TE, T2* << 

T2, and signals are T2-weighted averaged, the use of more echoes will lead to more SNR as 

shown in Figure 3.2b. In fact, as the chemical shift dispersion increases and line widths 

become heavily weighted by magnetic field distortions or T2* at higher fields, the use of 



  

multi-echo approaches in MRS becomes more and more appealing. In order for MRS to be 

applied robustly in clinical studies, one needs to face this fact of short T2*. 

 

 
Figure 3.7. (a) Fat suppressed FFE MR image of the left breast of a breast cancer patient showing 
a voxel containing tumor tissue and a voxel containing healthy tissue; (b) FID 31P MR spectrum 
and (c) weighted average 31P MR spectrum of the voxel containing the tumor mass; (d) FID 31P 
MR spectrum and (e) weighted average 31P MR spectrum of the voxel containing healthy tissue; (f) 
T2-fit from the voxel containing the tumor mass for PE. Fitted values of T2 for monoesters and 
diesters ranged between 170 and 210 ms.   
 

With the AMESING sequence, even in the presence of short T2*, SNR can be optimized, 

or at least not degraded as would have been the case for pulse-acquire MRSI. Even with 

Ernst-angle excitation, pulse-acquire MRSI could only improve SNR by 11%. Conse-

quently, 31P MRSI can be a robust method for obtaining relevant metabolites with sub-

stantially less sensitivity to T2* effects. While demonstrating its performance in the breast 

it may very well also be applied to other challenging but relevant targets like for instance 

lymph nodes. 

A downside of the increased chemical shift dispersion at 7 T is that the bandwidth of RF 

pulses needs to increase to cover the entire spectral range. Limitations in peak power and 

SAR prevent the use of high bandwidth pulses, therefore the outer resonance of -ATP at -

16.3 ppm cannot be shown in the 31P MR spectra. Nonetheless, the metabolites that benefit 

40 



CHAPTER 3: 31P AMESING at 7 T for measuring T2 and regaining sensitivity in tissues with short T2*  
 

41 

most from the AMESING sequence, i.e. metabolites that have long T2 values, have a range 

of chemical shifts that can easily be excited and refocused with the limited RF peak power 

available at 7 T. 

The 31P T2 values of -ATP 25 ± 6 ms, PCr 193 ± 5 ms,  PDE 375 ± 44 ms,  Pi 96 ± 10 

ms, that we determined in a 39 ml voxel in calf muscle (Figure 3.5 a-d) correspond well to 

published values of 29 ± 3 ms (ATP), 217 ± 14 ms (PCr),  314  ± 35 ms (PDE), and 109 ± 

17 ms (Pi), acquired in larger volumes (112-169 ml) at 7 T by Bogner et al. (23). It should 

be noted that the calculated T2 of -ATP is affected by J-modulation due to homonuclear 
31P coupling, leading to an apparent lower T2. However, this effect is difficult to quantify 

because the coupled -ATP spins are not well refocused, due to the limited bandwidth of 

the refocusing pulse. 

The SNR-gain for PCr in the pectoral muscle of 1.5 (Figure 3.6c1-c2) is smaller than for 

calf muscle where the gain is 2.2 (Figure 3.4a1-a2). This may be due to the non-optimal 

geometry of the breast coil with respect to the chest wall, leading to low B1 and only partial 

refocusing, presumably caused by non-adiabaticity of the RF pulses. In that case, calcu-

lated T2 of 31P metabolites based on these data would lead to underestimated values. The 

SNR gain for Pi in healthy glandular breast tissue, which is inside the optimal volume of 

the RF coil, is similar to that in calf muscle. 

The essence of using the AMESING sequence at 7 tesla is demonstrated in a breast 

cancer patient. In a tumor (T2-staged breast cancer) with a size less than 2 ml, elevated 

resonances of PMEs could be observed. As the tumor is surrounded by lipid tissue, where 

PME signals are not detectable, the sensitivity of 31P MRS with AMESING at 7 tesla 

seems to enable the detection of phospholipid metabolites from tumors of only 2 ml. Note 

that the encircled voxels in Figure 3.6 and 3.7 are spatially Hamming filtered voxels, that 

reduce voxel bleeding to a minimum while being 1.7 times as large as the nominal voxel 

size. Metabolite ratios for PMEs to PDEs obtained from the SNR-enhanced spectra 

corrected for T2 effects are, as expected, larger than 1, in this case of ductulolobular 

carcinoma. It should be noted here, however, that quantifications based on this method are 

dependent on the reliability of the fitted T2 values. 

While this study demonstrated applicability of the AMESING sequence for 3D 

encoding, it may also apply to slice, bar or voxel selective 2D MRS, 1D MRS or 

unlocalized MRS. In addition, acquisition weighting can be applied which will increase 

SNR even more, although it is not compatible with T2 measurement and will lead to 



  

broadening of the spatial response function as different k-steps will have different 

intensities. 

 

 

3.6 Conclusions 

3D AMESING at 7 tesla is a promising tool for 31P MR spectroscopy in regaining SNR in 

bad shim situations, in providing localised T2 measurement of metabolites, and thereby 

retaining the possibility of quantification.  

Here we validated its application in calf muscle and in glandular breast tissue of a 

healthy female volunteer, and applied the sequence in cancerous tissue in a breast cancer 

patient. We were able to fit T2 values for several 31P metabolites in voxel volumes as small 

as 39 ml. Our T2 data for phosphorus metabolites in calf muscle agrees well with previous-

ly published data, which was acquired in 3 to 4 times larger sample volumes.  

T2-weighted averaging could be applied for each metabolite separately, resulting in 

different gains in SNR compared to the FID spectra acquired in the first shot of the sequen-

ce of up to 2.6-fold for PDEs measured in calf muscle and almost a factor 2 for PMEs in 

ductulolobular breast carcinoma. Therefore, using the AMESING sequence at 7 tesla, we 

were able to detect phospholipid metabolites in vivo and determined their ratios in a 

ductulolobular carcinoma of less than 2 ml. 
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4.1 Introduction  

Breast cancer is the most common malignancy in women worldwide (1). Radiological 

imaging is essential in the patients work-up to establish a diagnosis and to determine a 

treatment plan. Dynamic contrast-enhanced (DCE) MRI is regularly used in the evaluation 

of breast lesions as well as for the monitoring of patients who receive neoadjuvant 

chemotherapy (2,3). Although DCE breast MRI has a high sensitivity for the detection of 

breast lesions, the specificity is relatively low; approximately 70% (4). The same accounts 

for the effectiveness of DCE MRI in treatment monitoring, which has shown to be variable 

depending on receptor status of the tumor (5). Therefore, other techniques are investigated 

to improve specificity.  

One of the techniques of interest is MR Spectroscopy (MRS) or MR Spectroscopic 

Imaging (MRSI). With MRS(I) metabolites can be measured non-invasively. To date, 

patient studies mainly focused on proton (1H) MRS (6). With 1H MRS levels of the total 

pool of choline and ethanolamine containing compounds resonating at 3.2 ppm (tCho) are 

measured to evaluate the presence of malignancy and its response to therapy (6-8). 

However, tCho contains multiple different metabolites that individually play a role in the 

tumor metabolism (9). With phosphorus (31P) MRS the phosphomonoesters (PME): phos-

phocholine (PC) and phosphoethanolamine (PE), as well as the phosphodiesters (PDE): 

glycerophosphocholine (GPC) and glycerophosphoethanolamine (GPE), can be measured 

individually, which was shown for the first time in breast cancer patients in 1988 (10). 

Elevated PME to PDE levels have been associated with the presence of cancer, while a fall 

in PME to PDE levels is seen in case of effective therapy (11). Other ex vivo work 
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described a lower PC to GPC ratio to be indicative of more aggressive breast cancer 

subtypes, such as triple negative breast cancer (12). Since phosphorus is less abundant than 

protons in the human body, and the gyromagnetic constant of 31P is a factor 2.5 lower than 

that of 1H, the measurements are challenging due to a lack of signal-to-noise ratio (SNR). 

However, recent studies have shown that 31P MRS(I) at 7.0 tesla (7 T) is feasible for in 

vivo detection and quantification of phosphorus metabolites (13,14) with acceptable 

acquisition times and sufficient spatial resolution, particularly when using multi-echo 

acquisitions (15).  

It is well known that, due to hormonal fluctuations, breast tissue changes during the 

menstrual cycle (16,17). Research has been performed to evaluate in which phase of the 

menstrual cycle DCE MRI should preferably be performed to avoid false positive readings 

due to contrast-agent uptake in normal glandular tissue (18-21). However, there is only 

little data on normal values of phosphorus metabolites and their fluctuation during all 

phases of the menstrual cycle measured with 31P MRS. Consequently, it is unclear whether 

it can be combined with DCE MRI in clinical practice at the optimal timing for both 

methods. Of the published data, one study, performed in four premenopausal women at a 

compromised SNR at 1.5 T, does suggest that the PME, PDE and total 31P signals change 

during the menstrual cycle (22). A second study, including five premenopausal women 

who were not taking oral contraceptives, scanned at 1.5 T as well, found a significant 

lower PME relative peak area in second week of the menstrual cycle as well as a 

significant higher PDE/PME peak area ratio (23).   

Knowledge of normal values, and their fluctuation during the menstrual cycle, offers a 

framework for the interpretation of breast cancer patient data. Therefore, in this study, we 

investigated the phospholipid metabolism in glandular breast tissue and the influence of the 

menstrual cycle on the metabolism with 31P MRS at 7 T.  

 

 

4.2 Methods  

4.2.1 Subjects and data acquisition 

Seven female volunteers, who had a regular menstrual cycle and did not use any hormonal 

contraceptives, were included. The mean age was 27 years (range 24-30 years). Each 

volunteer underwent four 7 T MRSI examinations, one in each phase of the menstrual 
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cycle: the early follicular phase (EF), late follicular phase (LF), early luteal phase (EL), 

and late luteal phase (LL), resulting in 28 examinations in total. Before each examination 

the menstrual cycle status was reported and informed consent was signed. All examina-

tions were performed in compliance with the local institutional ethics committee. 

The examinations were performed on a 7 T whole-body scanner (Philips Healthcare, 

Cleveland, USA) using a two-channel double-tuned unilateral RF breast coil (MR Coils 

BV, Drunen, the Netherlands), with the resonance frequencies of 298 and 121 MHz for 1H 

and 31P, respectively (13,24). All volunteers were scanned in prone position with the coil 

encompassing the right breast. The scan protocol consisted of a 3D T1w sequence [TR/TE 

4.0/2.0 ms, binominal flip angle 5°, FOV 160x160x160 mm3, acquired resolution 1x1x2 

mm3], and a 3D 31P multi-echo MRSI sequence, using spherical k-space sampling and an 

excitation bandwidth of 800 Hz [TR/TE 6000/45 ms, adiabatic flip angle 90°, FOV 

320x160x320 mm3, nominal spatial resolution 40x20x40 mm3]. One free induction decay 

(FID) and 5 full echoes were acquired within one TR, resulting in the five echoes at 45, 90, 

135, 180 and 225 ms, respectively. Both the FID and echoes were acquired with 256 data 

points. The MRS sequence is described in more detail elsewhere (15). Total scanning time 

was approximately 30 minutes.  

 

 

4.2.2 Data analysis 

The spectroscopy data was analyzed using IDL (Research Systems, Boulder, CO) and 

JMRUI 4.0 software (25). Acquired data was Hamming filtered in the spatial domain and 

zero-filled to 8192 data points in the time domain. The Hamming filtering resulted in vox-

els with an elliptical full-width half-max of 68x34x68 mm3. One localized voxel from the 

MRSI examination containing glandular tissue, represented by high inorganic phosphate 

(Pi) and low phosphocreatine (PCr) signal, was chosen to use in the analyses. For each 

volunteer’s examination the optimal voxel was chosen, which could be the same or a 

different voxel at each of the four time-points. All spectra, i.e. FIDs and echoes, were 

frequency aligned to Pi. Subsequent, all spectra were summed for the FID and each of the 

five echoes separately within JMRUI, weighted by the Pi signal for the FID. Metabolite 

quantification for PC, PE, GPE and GPC was done in JMRUI using the AMARES 

algorithm on the summed spectra (26). Prior to metabolite quantification, the average value 

of chemical shifts of all metabolites in each sum spectrum (1 sum total FID and 5 sum total 



 

echo spectra) were determined. Furthermore, the sum spectra were apodized with 40 Hz, 

representing the smallest line width found. During quantification the line widths of PE, PC, 

GPE, GPC were set equal in each sum spectrum. The line widths determined for PMEs and 

PDEs of the different sum spectra ranged between 56 - 67 Hz, for Pi the linewidth ranged 

between 45 - 55 Hz for the different sum spectra. The difference in range corresponds to 

peak broadening for PME and PDE caused by 1H-31P J-coupling. The chemical shift values 

used in the quantification were constrained to the average chemical shift values (over the 4 

cycle points) with a soft constraint of ± 0.05 ppm. Overall phases were fixed to zero in the 

quantification. 

The peak integrals for PE, PC, GPE and GPC, obtained in the sum spectrum of all FIDs 

and in the sum spectrum of each echo, were used to calculate metabolite T2 values. 

Standard deviations of the T2 values were determined using Monte Carlo simulations, 

representing the uncertainty of the fittings. Metabolite signal ratios were determined based 

on the spectrum of the FID plus 5 echoes combined. The combining was performed 

accounting for the T2 relaxations times of the metabolites, where the full echoes were 

weighted two times in comparison to the FID. This resulted in a sum spectrum per 

metabolite which was used for quantification. The metabolite quantification was done on 

group level and for each volunteer separately. Standard deviations of the metabolite ratios 

were determined using Monte Carlo simulations, representing the measurements uncer-

tainty. All three metabolic ratios were tested for significant variation over the menstrual 

cycle on the individual data using Friedman’s two-way ANOVA test.  

 

4.3 Results  

All 28 examinations were conducted successfully. In the analysis first a voxel containing 

glandular tissue was chosen for each measurement. One example is presented in Figure 

4.1. A large proportion of the selected voxel in Figure 4.1 contains glandular tissue while 

chest wall muscle was excluded, resulting in a high Pi signal and relatively low PCr, as can 

be seen in the spectrum. Of all measurements one did not show sufficient signal from phos-

phorus resonances (SNR < 3), resulting in 27 exams to be included in the final analyses.   
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Figure 4.1. T1w 3D FFE image (a) with a representation of the grid of voxels and their spectra. The 
voxel selected for the analysis is highlighted, of which the (b) 31P FID spectrum is shown. Note the 
relatively high PME, Pi and PDE signals in contrast to the relatively low PCr signal.  

 

Second, the T2 relaxation times of the metabolites were calculated using the data of all 

volunteers combined for the FID and for each echo. These six pooled spectra (1 FID and 5 

echoes) are shown in Figure 4.2.  

 
 
Figure 4.2. 31P MR spectra of the FID and five echoes. From these spectra T2 fits were made for 
PE, PC, GPE and GPC. Note the fast decay of PDEs, and slower decay of PMEs. 

 

It can be observed that the PMEs decay much slower than the PDEs. T2 decay plots were 

made for each of the metabolites, resulting in a T2 relaxation time for PE of 154 ms (95% 

CI 144-164), for PC of 173 ms (95% CI 148-205), for Pi of 188 ms (95% CI 182-193), for 

GPE of 48 ms (95% CI 44-53), and for GPC of 23 ms (95% CI 21-26). Subsequent, the 

combined data of the FID and echoes were analyzed, on group basis and on individual 

basis, accounting for the calculated T2 relaxation times of the metabolites (i.e. the FID and 

echoes were T2-weighted and summed on a group level and individually).  

 



 

31P MR spectra, analyzed on group level, in the four phases of the menstrual cycle are 

displayed in Figure 4.3. The phosphorus metabolite signal ratios of these spectra analyzed 

on group level are presented in Table 4.I and Figure 4.4. The results for the seven volun-

teers individually are also displayed in Figure 4.4. In the group analysis a negligible varia-

tion in metabolic signal ratios throughout the menstrual cycle is observed, which is similar 

to the inaccuracy (expressed as standard deviations) of the measurement. The individually 

analyzed data shows more variation between the volunteers as well as between phases in 

the menstrual cycle within the volunteers, however, the standard deviations are larger as 

well. No specific pattern of variation during the menstrual cycle is observed for any of the 

ratios, and magnitudes of the observed variations are in the order of the experimental un-

certainties (p = 0.86, p = 0.90 and p = 0.75, for PME to PDE, PE to GPE and PC to GPC, 

respectively). 

 
Figure 4.3. 31P MR spectra analysed on group level, using the FID data, for each phase of the 
menstrual cycle; the early follicular phase (EF), late follicular phase (LF), early luteal phase (EL), 
and late luteal phase (LL).   
 

Table 4.I. Metabolic signal ratios for the combined FID plus multi-echo data on group level, pre-
sented per phase of the menstrual cycle. 

Metabolic signal ratios of FID plus multi-echo data ± SD 
 EF LF EL LL 
PME/PDE 0.75 ± 0.02 0.70 ± 0.02 0.69 ± 0.03 0.72 ± 0.02 
PE/GPE 1.23 ± 0.08 1.13 ± 0.08 1.19 ± 0.10 1.24 ± 0.09 
PC/GPC 0.40 ± 0.04 0.36 ± 0.03 0.33 ± 0.04 0.37 ± 0.03 
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Figure 4.4. Phosphorus metabolic signal ratios for PME/PDE, PE/GPE and 
PC/GPC over the menstrual cycle with the standard deviation caused by system 
noise displayed with error bars. The ratios shown are the individual data (1 to 7) and 
the group data (group) obtained from the T2-weighted analysis of the combined FID 
and multi-echo data. Note that the group results show little variation over the 
menstrual cycle for each ratio, which remain within standard deviations. On in-
dividual basis more variation is observed, however, without a specific pattern over 
the menstrual cycle. 



 

4.4 Discussion 

In this study no significant variations in phosphorus metabolite signal ratios over the 

menstrual cycle were measured on group level using 31P MRS in the breast at 7 T. In the 

individual data analysis more variation was observed over the menstrual cycle intra-indi-

vidually. However, the variation showed neither a specific pattern nor statistical signifi-

cance since the measurements’ uncertainty is greater than the observed variations.  

In previous work, where 31P MRS was similarly assessed in four premenopausal 

women, the summed data showed PME to PDE ratios of 1.06, 1.75, 0.48 and 0.78 for EF, 

LF, EL and LL, respectively (22). In our study, the summed data showed PME to PDE 

signal ratios of 0.75, 0.70, 0.69, and 0.72, indicating a more stable course throughout the 

menstrual cycle. Furthermore, the reported lower PME peak area in the late follicular 

phase, as measured in five women by Twelves et al. (23) was not reproduced, nor did we 

find significant lower levels of the individual monoesters PE and PC in any phase when 

assessing the metabolic signal ratios. In contrast to previous work, the SNR in our study 

was higher, which can be appreciated in the presented spectra. The higher SNR, and also 

higher spectral resolution provided by 7 T, allowed for assessment of the PE/GPE and 

PC/GPC ratio as well. Still, the measurements uncertainty, as can be observed by the 

standard deviations of the ratios, especially in the individual assessment, remains greater 

than the observed variation. 

A relatively low PCr signal can be observed in the presented spectra. PCr has been re-

ported to originate mainly from the chest wall in MRS breast spectra (15,23). When chest 

wall muscle is included a PCr signal a multitude greater than PME, Pi or PDE is to be ex-

pected (15). A relative low PCr signal is therefore considered a marker of good localiza-

tion.  

In all three metabolic ratios variations between the volunteers as well as between phases 

of the menstrual cycle were observed, however, also with larger standard deviations caused 

by relatively increased system noise when compared to the group analysis. Theoretically, 

an increase of PME/PDE ratio could be expected in the luteal phase. During the luteal 

phase progesterone levels are high, resulting in more proliferative activity, which is associ-

ated with a rise in PMEs (16,17,27). On the other hand, apoptotic figures are frequently 

seen during the luteal phase as well (16), possibly counteracting the effect of proliferation 

on the PME/PDE ratio, as cell breakdown is associated with an increase in PDEs (28). 
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However, the observed variation in the individual data did not show a specific pattern over 

the menstrual cycle.       

Technical aspects may also have played a role in the inter-individual variation. For 

instance, differences in the distribution of glandular versus lipid tissue throughout the 

breast results in differences in magnetic field distortions. These lead to differences in 

spectral line widths, which cause a reduction in SNR and more overlap between reso-

nances, and with that to more uncertainty in the results. Also, the reproducibility of the 

examinations might have played a role. There is only few data on the reproducibility of 31P 

MRS(I) examinations in the breast. The data that is available suggests a 6% variation of 

total phosphate signal in patients that are examined on different days (11). The effects on 

metabolic ratios are not described in that work. It would be of great value to determine the 

reproducibility of 31P MRS examinations, especially the precision. That way changes in 31P 

MRS results obtained in longitudinal patient studies can be ascribed to either disease or 

therapy related changes, or to the measurements’ variance.        

Knowing that the menstrual cycle may influence the individuals’ results in different 

phases of the menstrual cycle, the metabolic ratios may still be used as a follow-up marker 

in breast cancer patients to monitor treatment efficacy. Particularly, when using a bilateral 

set-up, the results of the contralateral breast may be used as an intra-individual reference 

measurement. In this study a unilateral breast coil was used. However, the first bilateral 

breast set-ups for 7 T have recently been presented (29,30), in which double-tuning could 

be incorporated.  

Other MR spectroscopy methods that are of interest for their value in breast cancer 

diagnosis or monitoring have similarly evaluated the influence of the menstrual cycle on 

measurement results. For instance 1H MRS has been used to measure the lipid composition 

and water-fat ratio at 1.5 and 4 T, respectively (31,32). Both showed to be significantly 

influenced by the menstrual cycle, implying that menstrual cycle status is important to take 

into account and correct for in a patient population when using these methods. In contrast, 

our current study shows that the used 31P MRSI sequence can be applied independent of 

menstrual cycle status, which is favorable in a clinical setting. 

T2 relaxation times were calculated to account for when using the multi-echo data to 

maximize the SNR. To accurately determine the T2 relaxation times all data were pooled 

over the volunteers and time points, assuming T2 values do not changes over the menstrual 

cycle. In the calculations the PDEs showed to have a much shorter T2 relaxation time than 



 

the PMEs. That could possibly lead to misinterpretation of the multi-echo data when not 

compensating for this difference.  

T1 relaxation times were not accounted for in the analysis. This means the results are 

reproducible when using a TR of 6 seconds, however, when using different repetition times 

a weighting factor has to be applied on the ratios.  

For our study purpose a large voxel size was used, with a spatial resolution of 40x20x40 

mm3 (Figure 4.1), combined with Hamming filtering of the data in the spatial domain, 

which lead to sufficient signal in almost all cases to assess all metabolic ratios. In clinical 

practice however, a smaller voxel size will be mandatory and all the SNR available from a 

multi-echo sequence will be needed. Still, one of the volunteers’ examinations did not 

show enough signal from the phosphorus resonances to be included in the analyses. If only 

a small amount of glandular tissue is present, or heterogeneously spread throughout the 

breast, the signals can possibly not exceed the noise level. In this one particular case, 

combined with a sub-optimal shim setting, it led to insufficient SNR to analyze the peak 

integrals. Research has shown that breast cancer has much higher PME signals than normal 

breast tissue, because of an increased phospholipid membrane anabolism (11). PMEs have 

been reported to be about three times as high in breast cancer compared to benign tumors 

(33,34). Therefore, in case of the presence of a malignancy it is expected that signals will 

sufficiently exceed noise level even if a smaller voxel size is used.    

A limitation of our study is that the menstrual cycle status was assessed per 

questionnaire and no serum estrogen and progesterone levels were measured to verify the 

cycle phase. We did only include females with regular menstrual cycles to optimal 

determine the menstrual cycle phase without having to take a blood sample. However, this 

does mean that possible anovulatory cycles were not detected, which are reported to occur 

in up to 14% of healthy regular menstruating women (35).      

Another limitation is that reported metabolite ratios are obtained in premenopausal 

women while the majority of breast cancer patients are postmenopausal. However, it has 

been shown that in the assessment of relative peak areas of PME, PDE and PCr there is 

only a significant difference in the PCr peak between pre-menopausal and post-

menopausal women (23). This is probably due to breast size, because the observable PCr 

originated from the pectoral muscles (14). Those data therefore do imply that our obtained 

metabolic ratios apply in postmenopausal women as well.  

In conclusion, phosphorus metabolic signal ratios assessed using multi-echo 31P MRS 

examinations during the menstrual cycle do not show a variation on group level. On 
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individual basis more variation is observed, although without a specific pattern or 

statistical significance due to the uncertainty of the 31P MRS measurements in individual 

subjects. Therefore, without significantly affecting the results of the phosphorus metabolic 

ratios, 31P MRS examinations can be performed independent of menstrual cycle status. 
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5.1 Introduction  

The phosphomonoesters (PMEs) phosphocholine (PC), phosphoethanolamine (PE) and the 

phosphodiesters (PDEs) glycerophosphocholine (GPC) and glycerophosphoethanolamine 

(GPE) are involved in cell membrane metabolism. The concentration ratio of these PMEs 

to PDEs was shown to be a marker in predicting cancer treatment response in ex vivo NMR 

studies (1,2). With 31P MRS one can easily distinguish PC from GPC and PE from GPE, 

and these metabolites have been used as biomarkers in many in vivo studies, as reviewed 

by Glunde et al. (3). However, in contrast to some ex vivo methods, where extraction 

techniques are used to separate aqueous pools of metabolites from lipid pools, in vivo 

methods will also obtain signals from membrane phospholipids (MPL) (4,5). Moreover, as 

these MPL have chemical shifts similar to GPC  e.g. glycerophosphatidylethanolamine 

(GPtE) has almost identical chemical shift as GPC (6,7) (The molecular structures and 

chemical shifts are shown in Figure 5.1)  in vivo distinction of these compounds is 

hampered.  

At lower field strength (< 2.5 T) in vivo 31P spectra of various tissues, e.g. breast (8,9), 

brain (10-15), liver (16-19), and kidney (20,21) show a large signal in the PDE chemical 

shift range, with its top between 2-3 ppm referenced to phosphocreatine (PCr). The full 

width at half max of this signal is dependent upon the field strength, and the delay between 

excitation and acquisition, as for instance caused by phase encoding. It has been suggested 

(12,16) that this membrane peak disappears almost completely at high field strength, due to 

enhanced relaxation by chemical shift anisotropy, leaving only the signals of the aqueous 

soluble metabolites GPC and GPE. Nowadays, with high magnetic field human MRI, the 

origin of the PDE 31P MRS signals  whether GPC and GPE, and/or GPtC and GPtE  is 

of renewed interest. 
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Figure 5.1. Molecular structures of GPC, GPE and their membrane phospholipids GPtC and 
GPtE. Chemical shift of GPC is taken as a reference at 2.80 ppm. Chemical shift differences 
(GPtE-GPtC) = 0.56 ppm and (GPC-GPtC) = 0.62 ppm were calculated from high resolution 
spectra (spectral resolution < 0.02 ppm) by Schiller and Arnold (6), and (GPE-GPC) = 0.50 
ppm from Payne et al. (7).  

 

Here we show that most of the PDE signals measured in vivo in the human breast at 7 T are 

most likely signals from MPL, although their line widths suggest aqueous small molecules 

such as GPC and GPE. Measurements are performed at 7 T to distinguish GPE from GPC 

and GPtE from GPtC. Adiabatic multi-echo spectroscopic imaging (AMESING) (22) and 

progressive saturation are used to identify the mobility of the molecules as reflected in the 

T2 and T1 values, respectively, to enable a distinction between the aqueous GPE and GPC 

from the more restricted MPL (GPtE and GPtC). Data are obtained in breast glandular 

tissue and compared to GPC and GPE metabolite signals as measured in liver tissue, all in 

healthy human volunteers in vivo. 

 

 

5.2 Methods 

31P MRS measurements of glandular breast tissue and liver tissue were obtained from 

healthy volunteers using a dedicated breast coil (MR Coils BV, Drunen, the Netherlands), 

or half volume coil for the liver, interfaced to a 7 T MRI system (Philips, Cleveland, USA). 
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Pulse-acquire and multi-echo acquisitions (AMESING, (22)) were obtained with adiabatic 

RF pulses. Excitation was done with an adiabatic half passage (AHP) of 2 ms. For 

refocusing 4 ms B1 insensitive rotation pulses (BIR-4 180°) were used. The AHP excitation 

pulse had a frequency sweep of 10.0 kHz and the BIR-4 refocusing pulses a frequency 

sweep of 20.0 kHz. Both pulses had tangent frequency modulation and hyperbolic tangent 

amplitude modulation as described in Garwood and Ke (23). Pulses were driven with 

B1max = 1700 Hz. Transmitter offset on the 31P channel was set to 600 Hz with respect to 

the resonance of PCr. All chemical shifts reported here are referenced to PCr as standard at 

a chemical shift of 0.0 ppm, which is - 2.48 ppm compared to 85% phosphoric acid.   
Measurements with the AMESING sequence were performed with a TR of 6 s, 8x8x8 

spherical acquired MRSI, 2x4x4 cm3 voxel sizes for the breast on three volunteers and 

32x10 2D MRSI (feet-head direction unlocalised) voxel sizes 1x1 cm2 on one volunteer for 

the liver. Both FID and symmetric echoes were acquired with 256 data points, and the 

spectral bandwidth for the acquisition of the FID was 17.0 kHz and for the echoes 8.5 kHz 

(echo spacing 40.5 ms) to maintain equal acquisition durations for FID and each half echo.  

Acquired data was spatially Hamming filtered and zero filled in the time domain to 8192 

data points. To obtain high-SNR spectra of the breast the datasets of three volunteers were 

pooled and PE-weighted based on the FID signal.  

Phosphorus metabolite T1 values in the breast were measured for the three volunteers by 

means of progressive saturation with an adiabatic AHP pulse acquire 1D MRSI sequence 

with TR values in the range 0.5 to 8 s, where the scan time was kept identical for each TR. 

The FID data were acquired with 512 datapoints and a spectral bandwidth of 8.2 kHz. A 

1D MRSI encoded in the anterior-posterior direction was chosen to effectively suppress 

signals from the underlying pectoral muscles. Data was spatially Hamming filtered and 

subsequently zerofilled in the time domain to 8192 datapoints. To obtain high-SNR 

datasets for T1 fitting, the volunteers were measured two or three times and the data per 

volunteer were averaged. Before averaging all spectra were aligned for Pi. Averaged 

spectra were spectrally fitted in JMRUI (24) using the AMARES algorithm (25), chemical 

shifts for the GPtE+GPC and GPtC resonances were fixed with a soft constraint to 2.77 ± 

0.1 ppm and 2.18 ± 0.1 ppm and free but equal linewidth. The study was approved by the 

local medical ethics review board and written informed consent was obtained from all 

volunteers. 
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5.3 Results and Discussion  

In Figure 5.2 the spectra of a voxel of the breast (average spectrum of three volunteers) and 

the liver (one volunteer) are shown. Due to limited bandwidth of the adiabatic pulses only 

the spectral range from +10 to -10 ppm is shown. The chemical shifts of the GPC and GPE 

signals in the liver (Figure 5.2c) do not correspond to the signals observed in the breast 

spectra (Figure 5.2a-b), that are usually labelled GPC and GPE, while the chemical shifts 

of the other metabolites (PE, PC, Pi, -ATP, -ATP) in liver and breast do match. As the 

chemical shift of GPC and GPE are hardly pH sensitive, but Pi and to a lesser extent also 

PE, PC, and -ATP are (26), pH differences between liver and breast may influence 

chemical shift. If we would shift the breast spectrum by +0.5 ppm, to match the PDE 

signals between breast and liver, this would correspond to a shift in pH of +0.4 units based 

on Pi chemical shift. This pH difference is reasonably large, moreover expressing the 

change in chemical shift of +0.5 ppm for PE, PC and -ATP in pH units is either not 

possible, or goes beyond any physiologic condition. Therefore it seems likely that the 

metabolite signals in the breast that do not match those in the liver are (GPtE + GPC) and 

GPtC. Healthy liver is known to show high signals of GPC and GPE in 31P MRS in vivo 

and also in ex vivo perchloric acid extracts (27,28). The peak labelled GPtC in the liver 

spectrum of Figure 5.2c is sometimes referenced to as (potentially) phosphoenolpyruvate 

(19,29). However, it does not show up in 31P MRS perchloric acid liver extract studies 

(27,28), even though phosphoenolpyruvate is sufficiently soluble in an aqueous phase. 

Figure 5.2a,b show, for a voxel of breast glandular tissue, the average FID and the average 

T2-weighted echo sum spectra using a fixed T2 weighting of 154 ± 5 ms (30), scaled to the 

same noise. Note that the signal intensities of the peaks labelled PE, PC, Pi and (GPtE + 

GPC) increase, or at least do not decrease, in the echo sum spectrum as compared to the 

FID spectrum of the breast, while the signals of GPtC and ATP with known short T2-

values, do decrease in the echo-sum spectrum. Unlike ATP, the short apparent T2 for GPtC 

(and GPtE) are not the result of homonuclear coupling. The most likely reason for the 

nearly constant (GPtE + GPC) signal over FID and echo sum is that aqueous GPC, with a 

relatively long T2, increases in the echo sum, while GPtC, just like GPtE, decreases in 

intensity due to short T2.  
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Figure 5.2. (a) Pulse acquire, (b) T2-
weighted echo sum (T2 = 154 ms) 31P 
MR spectra from a voxel of the breast 
(average of three volunteers) scaled to 
the same noise and (c) pulse acquire 
31P MR spectrum from the liver. Note 
that only the aqueous metabolites with 
long T2 values such as PE, PC, Pi, and 
GPC get enhanced in the T2-weighted 
echo sum and that the chemical shifts 
of liver GPE and GPC do not match 
the PDE signals from the breast, but 
are shifted + 0.5 ppm. The small peak 
to the right of Pi could potentially be 
the ‘2P’-peak from 2, 3-diphospho-
glycerate, the ‘3P’-peak could be 
coinciding with the left side of Pi in the 
breast spectra, while it is visible as a 
small peak to the left of Pi in the liver 
spectrum.  
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A recent lipidomic profiling study on healthy mammary epithelial and breast cancer 

cells (31) has shown that in the membranes of healthy mammary epithelial cells the 

concentration of GPtC is approximately twice the concentration of GPtE. If we assume that 

the T2-weighted echo sum signal at the chemical shift of GPtE+GPC in figure 5.2b is 

indeed all GPC and we assume a similar T2 for GPC and PE and PC then we can calculate 

the GPtC to GPtE ratio by subtraction of the GPC contribution in Figure 5.2a.  This leads 

to a GPtE to GPtC ratio of 2, in close agreement with the lipidomic profiling study. Minor 

contributions from sphingomyelin and glycerophosphatidylserines, seen in the lipidomic 

profiling study will probably add to the in vivo 31P MR signal of GPtE and glycerophos-

phatidylinositol to the in vivo 31P MR signal of GPtC, not altering the ratio substantially. 

Chemical shift differences for these different phospholipids are reported by Schiller and 

Arnold (6).  

The 31P T2 values in liver can be low due to the presence of iron, for instance in the 

form of ferritin, which is known to increase the relaxivity of water (32). In vivo values for 

T2 of 31P metabolites (PE, PC, Pi, GPE, GPC) in the liver ranging between 37 ms and 71 

ms have recently been measured at 7 T in our hospital in a group of seven healthy 

volunteers (33). For the breast, however, we measured that the T2 of the 31P spins at the 

chemical shift of GPtC (30) is even a factor 3 shorter than the T2 of the 31P spins of GPC in 

the liver (33), as shown in Figure 5.3. In fact, compared to the reported T2 values  

measured at 7 T  of PDEs in calf muscle (T2 = 314 ms (34), 375 ms (22)) or of PC and 

PE in the breast, the T2 value of GPtC we measured is almost an order of magnitude less. 

Spectral fitting of the FID spectrum of Figure 5.2a, simplified by equal linewidths for PE, 

PC, Pi and equal linewidths for the PDE signals shows an additional linewidth for the PDE 

signals of 9 Hz, which is close to the calculated value of 12 Hz when considering the 

measured T2 of 23 ± 1 ms (30) and a T2 for the PMEs and Pi of ~ 160 ms.   

The low signals for GPE and GPC in the echo sum spectra of the breast are 

corroborated by an in vitro extract study on breast tumours by Smith et al. (5), where it 

was shown that GPE and GPC concentrations are low in non-necrotic breast tumours and 

that, at low field, PDE signals observed in vivo are mainly from phospholipids.  

Note though that the signal intensities in the PDE chemical shift region of 31P MR 

breast cancer spectra could be different from the corresponding signal intensities in healthy 

breast tissue. 
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Figure 5.3. Signal decay over echo time of the GPtC peak at 2.2 ppm obtained from (a) the breast 
(30) and (b) the true GPC peak from the liver (33) at 2.8 ppm. Note the three-fold reduced T2 of 
the 31P spins of GPtC in the breast as compared to GPC in the liver. 

 

Another reason to assume that the dominant phosphodiester signal we observe in the breast 

at 7 T is from mobile lipid structures is based upon the results of the T1-measurements of 

the phosphodiester signal in the breast, as depicted in Figure 5.4.  

 

 
Figure 5.4. T1-fits of the progressive saturation measurements for the PDE signals in the breast at 
7 T. The plots shown are for the sum of three volunteers, but the T1 values were calculated for the 
individual volunteers and the weighted average T1 values (over the three volunteers) are 2.0 ± 0.4 
s and 1.2 ± 0.3 s for the GPtE+GPC and GPtC signals respectively.  

 

The T1-values measured for the two phosphodiester signals are 2.0 ± 0.4 s and 1.2 ± 0.3 s 

for GPtE+GPC, and GPtC respectively, which is two to four fold less than reported for 

GPC and GPE in calf muscle and brain at 7 T and 3 T (34-36). Note that the T1 value for 

the GPtE+GPC signal is larger than for GPtC, presumably due to the longer T1 value for 

GPC, although not statistically significant. A value of 1.4 s for the T1 of the 31P MRS 

signal of dipalmitoylphosphatidylcholine (DPPC) vesicles with an average diameter of 100 

nm has been measured by Klauda et al. (37) above the phase transition temperature. For 

65 



 

multi-lamellar dispersions of dimyristoylphosphatidylcholine (DMPC) a value around 1 s 

has been measured just above the phase transition temperature by Dufourc et al. (38). 

The fitted linewidth of the two overlapping PDE signals of the breast spectrum depicted 

in Figure 5.2a is 58 Hz (i.e. 0.5 ppm). Bulk phospholipid bilayers show broad asymmetri-

cal lineshapes (several tens of ppm) caused by large chemical shift anisotropy (39). There-

fore, the very sharp resonances that we observe must be of highly mobile phospholipids, 

for which chemical shift anisotropy and dipolar couplings are sufficiently averaged out. 

Especially at ultra-high field, relaxation by chemical shift anisotropy that goes with the 

square of the field, causes additional line broadening as compared to spectra recorded at 

lower field strength. Highly mobile phospholipids can be found in small sized vesicles 

(<50 nm) (40), and in large arrays of: lipidic particles (41), inter-lamellar attachments 

(ILAs) (42), and inverted cubic structures (42-44) within the lipid bilayer.  

The total concentrations of phospholipids in human tissues are in the range of 17 to 83 

mmol/kg (45), while the total concentrations of the PMEs in breast glandular tissue are of 

the order of 2 mM (46). With a signal ratio of PDEs to PMEs in breast glandular tissue of 

1.4 at TR = 6 s (30) and a T1 of  PMEs of 5 s (46) and a T1 of phospholipids of 1.2 s, the 

total concentration of in vivo visible mobile phospholipids in the human breast at 7 tesla is 

also of the order of 2 mM. This leads to a crude estimate of the visible mobile phospholipid 

fraction at 7 tesla of 2 to 12 %. 

  

 

5.4 Conclusions 

The PDE signals from the breast, as measured with MRSI techniques at 7 T in vivo, are 

likely to originate from mobile lipid structures such as small vesicles with diameters ≤ 50 

nm, large arrays of lipidic particles or ILAs, or large domains of inverted cubic phases 

within the lipid bilayer. The T1 and T2 relaxation values for these PDE signals are too short 

to represent true aqueous GPC and GPE. In addition, the chemical shifts of these PDE 

signals do not correspond to GPE and GPC, but are shifted -0.5 ppm with regard to these, 

and correspond to chemical shift values of GPtE and GPtC. As the PC over GPC ratio is 

used as a biomarker in breast cancer research, the in vivo obtained value may be 

contaminated with signal from GPtE —having a similar chemical shift as GPC— or the 

GPtC peak may be erroneously assigned as GPC. 
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CHAPTER 6 

Increased sensitivity of 31P MRSI using 

Direct detection Integrated with Multi-Echo 

Polarization Transfer (DIMEPT) 
WJM van der Kemp, VO Boer, PR Luijten, DWJ Klomp. 

(a revised version of this chapter has been accepted for publication in NMR in Biomedicine) 
 

 

6.1 Introduction 

Phosphomonoesters (PME) and phosphodiesters (PDE) have shown clinical potential to be 

used as biomarkers in oncological and degenerative diseases (1-7). However, direct 31P 

measurement of these metabolites in vivo is hampered by an intrinsic low sensitivity. SNR 

enhancement for PME and PDE can be obtained by proton decoupling, the Nuclear 

Overhauser Effect (NOE) or polarization-transfer techniques. In vivo proton decoupling is 

not very useful at high magnetic field because the linewidths are determined mostly by 

magnetic susceptibility effects and spectral resolution is usually sufficient to distinguish 

the individual PMEs and PDEs. Moreover, proton decoupling adds to RF power deposition 

that becomes more problematic at high magnetic field. For NOE, the enhancement for 31P 

at 7 tesla, measured in the brain, is in the range of only 10 to 44 % (8). As NOE is 

governed by dipolar relaxation processes and at high-field relaxation by chemical shift 

anisotropy becomes increasingly important, enhancement by polarization transfer may be a 

more suitable method at higher field. 

Sensitivity enhancement by polarization transfer can for instance be done with an 

adiabatic Refocused Insensitive Nuclei Enhanced Polarization Transfer RINEPT (9) i.e. a 

BINEPT (10,11) or by a sRINEPT i.e. a selectively refocused INEPT (12). In an earlier 

study we have shown that direct detection of 31P can be combined with polarization 

transfer in the same scan time, without compromising the polarization transfer signal, since 

a different pool of spins is observed (13). However, the direct detection signal is hampered 

by the polarization-transfer sequence because it contains a refocusing pulse on the 31P 

channel that inverts the z-magnetization of the 31P spins, i.e. it transforms the direct 
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detection part into an inversion recovery sequence. Consequently, the inversion pulse will 

reduce the performance of the direct 31P signal detection. This effect can be minimized, 

however, by applying an even number of refocusing pulses on the BINEPT 31P channel: 

making it a BINEPT multi-echo, hence returning the 31P spins close to equilibrium, as we 

will show here. Moreover, recently we demonstrated that in direct 31P detection, the 

Adiabatic Multi-Echo Spectroscopic ImagING -AMESING- (15) sequence can boost SNR 

as well, particularly in tissues with short T2* like in the breast. In this work we acquire the 

majority of all possible signals to enhance SNR per unit of time to the maximum. Coming 

from both 1H and 31P pools in the detection of phospholipid metabolites, we capture the 

signal of the BINEPT, as well as adding an even number of refocusing pulses to capture 

the echoes of spins with relatively long T2s, with minimal distortion of the 31P pool. In 

addition, within the same TR we detect the direct 31P pool including multiple echoes, all at 

the optimal TR of 1.26 times the T1 (14) of the 31P spins. The combined sequence, DIMEPT 

(Direct detection Integrated with Multi-Echo Polarization Transfer), is depicted in Figure 

6.1 and can be used for 31P MRSI.  

In the BINEPT multi-echo part of the sequence the 31P spins that are not coupled to 

protons, e.g. Pi, PCr and ATPs, are relatively unaffected by the segmented BIR-4 0° and 

the BIR-4 180° pulses, and are only excited in the direct detection part of the sequence. 

The 31P spins that are coupled to protons, e.g. PMEs and PDEs, experience a 90° pulse that 

only excites the polarization that has been transferred from the protons, due to the 

segmented BIR-4 0° and the 1/4J phase evolution of these coupled spins, provided that the 

timing 1 is correct. Multi-echo 3D MRSI with compensated phase encoding gradients is 

used in the sequence to enable localized T2 measurement of 31P metabolites and SNR 

enhancement by T2-weighted averaging of all signals per voxel.  

Using phantom measurements we demonstrate that multi-echo direct 31P detection can 

be merged into a BINEPT multi-echo sequence with minimal disturbance of the SNR of 

polarization transfer or direct detection. In addition, we demonstrate the application of the 

DIMEPT sequence in the detection of very-low concentrations of PME in the healthy 

human breast. 
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Figure 6.1. Direct detection Integrated with Multi-Echo Polarization Transfer (DIMEPT) for 31P 
spectroscopic imaging. For the BINEPT multi-echo part the total number of BIR-4 180° pulses 
should be even, i.e. n should be odd. 
 

 

6.2 Theory 

With the DIMEPT sequence, the polarization transfer signal and multiple symmetric 

echoes of this signal can be acquired combined with a direct detection FID and multiple 

symmetric echoes in one TR. All of these signals can be combined to maximize the SNR. A 

multi-echo approach leads to higher and optimal SNR if T2* << T2 and Tacq ≥ 1.26T2*, for a 

FID and 2.52T2* for a full echo (14). The full echoes contain √2 more SNR than half 

echoes and as maximizing SNR is a main objective, it is advantageous to sample the full 

echoes and apply T2-weighted averaging of all the acquired metabolite signals.  

The 31P BINEPT signal of a heteronuclear J-coupled metabolite can be higher (here 

defined as a factor 1/b) than the direct detection signals. This factor 1/b depends on the T1 

of the 1H and 31P spins of the metabolite and the polarization transfer enhancement EPT of 

the coupled spins that undergo T2 relaxation during the polarization transfer, which is 

contained in the factor EPT and which is not given explicitly here.  
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In equation [6.1] the optimal case for 1/b is shown with Ernst angle excitation E for direct 

detection. The polarization transfer enhancement EPT is defined as the ratio of the 

polarization transfer signal, to the pulse acquire FID signal, i.e. both with full longitudinal 

relaxation. The maximum enhancement by polarization transfer for a system with two 

coupled protons to phosphorus would be 1H/31P = 2.47. However, as the protons in the 

phosphoesters show couplings with the protons on the adjacent carbon atom, the actual 

enhancement will be less. Even neglecting T2 relaxation, the optimum enhancement EPT (in 

case of 2 interfering coupled protons) is approximately 0.41H/31P ≈ 1 (16) which is found 

for delays of 2 = 1/4J and 1 = arctan(√2/2)/J.  

The DIMEPT sequence can be implemented with an even number n of symmetric 

echoes of the BINEPT-ME part and, for convenience, with an equal number n of 

symmetric echoes of the AMESING part. These symmetric echoes can be considered 

equivalent to 2n half echoes (i.e. equivalent to 2n times the FID signal). The expected 

signal level of the symmetric echoes of AMESING and BINEPT-ME can be written as 

2/
0,dd,dd 2 TTEi

i eSS  , and 2/
0,dd,PT

2 TTEi
i eS

b
S  ,  [6.2] 

respectively, where the subscript dd stands for direct detection (AMESING) and PT for 

polarization transfer (BINEPT-ME), Sdd,0 is the direct detection FID signal. The subscript i 

is the echo number for direct detection as well as for polarization transfer. It can be shown 

(APPENDIX 6.A) that the SNR enhancement, obtained by T2-weighted averaging of all 

signals from Eq. [6.2], of  a metabolite is given by: 
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Equation [6.3] gives the enhancement in SNR as compared to the FID of the sequence. For 

TR = 1.26T1(31P), the ratio of the signal of a pulse-acquire sequence with 90° pulses to 

Ernst-angle excitation is a factor 0.96. At TR = 1.26T1(1H), the optimal case for the 

polarization transfer, it is 0.62 (assuming T1(31P) = 5T1(1H) (12)). The b-values calculated 

from Eq. [6.1] for the two cases (optimized for direct detection, optimized for polarization 

transfer) are b = 0.75 and b = 0.49 respectively. 

Figure 6.2 shows a comparison between the SNR enhancement Ewa as obtained with 

equation [6.3], scaled to Ernst-angle excitation for 31P, for the DIMEPT sequence and the 

AMESING sequence as a function of the T2/TE ratio for two optimal conditions; one at 

the TR optimal for direct detection with 90 degree excitation (i.e. b = 0.75) and one with the 
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TR optimal for PT, both compared to Ernst angle excitation for direct detection (i.e. b = 

0.49), assuming T1(31P) = 5T1(1H).  

 

Figure 6.2. Comparison of the theoretical SNR enhancement for the DIMEPT sequence as 
calculated from equation [6.3], scaled to Ernst angle excitation with Ewa = 1, optimized for the 
direct detection part of the sequence at TR = 1.26T1(31P) (b = 0.75) and optimized for the BINEPT 
part of the sequence with TR = 1.26T1(1H) (b = 0.49), assuming a 5-fold difference in T1 between 
1H and 31P (12), equation [6.1], and the AMESING sequence, as a function of the ratio of the spin-
spin relaxation time with the echo spacing T2/TE. Number of full echoes in AMESING: n = 4; 
DIMEPT n = 8. With typical T2 values at 7 T in the breast ranging from 20 to 200 ms (21) and 
echo spacings of 40 ms  expected T2/TE values range from 0.5 to 5.  
 

 

6.3 Experimental 

6.3.1 Data acquisition 

All measurements were performed with a whole body 7 Tesla MR system (Philips, 

Cleveland, USA) using a dual-tuned breast coil (MR Coils BV, Drunen, the Netherlands). 

Both AHP excitation and BIR-4 refocusing pulses were designed with a tangent frequency 
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modulation with a frequency sweep of 20.0 kHz and hyperbolic tangent amplitude 

modulation as described in Garwood and Ke (17). The AHP excitation pulse was driven 

with B1max = 1700 Hz power and had a duration of 1.0 ms. The BIR-4 180° pulses on the 
31P and 1H channels were driven with a power of B1max = 1700 Hz and had a duration 4.0 

ms. Spherical k-space sampling was used to speed up total scan time. Both FID and 

symmetric echoes were acquired with 256 data points, and the spectral bandwidth for the 

acquisition of the FID was 17.4 kHz and for the echoes 8.7 kHz to maintain equal 

acquisition durations for FID and each half echo. The acquisition duration for a FID was 

14.7 ms, the first echo time was 38.5 ms and subsequent echo spacings were 40.5 ms. All 

scans were performed with a TR = 6 s to remain within SAR limits, resulting in a total scan 

time of 25:39 minutes. In the BINEPT multi-echo part of the sequence four full echoes 

were acquired, in the direct detection part of the sequence one FID and four full echoes 

were acquired. 

 

 

6.3.2 Data processing 

Raw data of FID and echoes were processed using IDL software (Interactive Data 

Language, Research Systems, Boulder, CO, USA) and JMRUI (18). All data were spatially 

Hamming filtered and time domain data of FIDs were zero filled to 2048 and the full-echo 

data to 1024 data points, to account for different dwell times for half- and full-echo 

acquisition. The FID was first-order phase corrected for the acquisition delay. Time-

domain data were Fourier transformed and all spectra, FID and echoes, were frequency 

aligned with respect to phosphoethanolamine (PE), to minimize the influence of B0 

variations. Zeroth-order phasing of the echo spectra was done by matching the maximum 

PE signal of the real spectrum to the absolute spectrum. For the FID the zeroth-order phase 

was set to the phase of the even echoes. The baseline of the FID was corrected by means of 

fitting a second-order spline 

The DIMEPT sequence was tested on a spherical phantom of 10 cm diameter containing 

aqueous 9.8 mM PE, 8.0 mM phosphocholine (PC), 7.8 mM inorganic phosphate (Pi) and 

7.3 mM glycerophosphocholine (GPC). Metabolite T1 values in this phantom range from 6 

to 9 s, while T2 values are in the range of 400 to 500 ms. For comparison a fully T1 relaxed 
31P MRS spectrum was measured and 31P MR spectra using the AMESING sequence 

without the BINEPT-ME were acquired. The CSI grid for the phantom measurements was 
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8x8x8 with 20x20x20 mm3 voxel sizes. The sequence was subsequently used for 

measuring 31P MR spectra in the breast of five healthy female volunteers (age range 25 to 

29 yr, average age 28 yr) with a CSI grid of 8x8x8 and 40x20x40 mm3 voxel sizes. 

 

 

6.3.3 Data analyses of volunteers 

The data of all volunteers were pooled and weighted with the PE signal intensity to 

generate a data set of highest SNR for calculating b-values (equation [6.1]) and T2. The 

echo weighting was done separately for the polarization-transferred signals and the direct 

detection signals. The polarization-transferred signals (BINEPT-ME) were multiplied by 

the PE signal of the first echo, i.e. the first refocused signal after polarization transfer, 

summed and divided by the sum of first echo PE-signal weights. The direct detection 

signals were multiplied by the FID-signal of PE, summed and divided by the sum of PE-

FID weights. This procedure leads to PE-signal-weighted group spectra for the four 

BINEPT-ME symmetric echo signals and five (1 FID and 4 symmetric echoes) PE-signal 

weighted group spectra of the direct detection sequence. In this way physiological 

differences between volunteers are minimized and predominantly the signals with their 

system noise remain. The nine PE-signal-weighted group spectra were subsequently pro-

cessed in JMRUI (18) for spectral fitting with AMARES (19) and metabolite T2 values 

were fitted using the polarization transferred and direct detection signals, assuming mono-

exponential decay of transverse relaxation, and taking into account the scaling factor b,  

equation [6.1], between the polarization-transferred signals and the direct detection signals. 

In the fitting procedure for a metabolite m, the T2 as well as the b value were fitted to 

equation [6.2]. 

 

 

6.4 Results and Discussion 

The measurements on a spherical phantom containing PE, PC, Pi, GPC are shown in 

Figure 6.3 for the DIMEPT and the AMESING sequences. The multi-echo spectra are, for 

brevity, not shown here, only the first BINEPT spectrum and the FIDs of the DIMEPT and 

AMESING sequences are shown. For comparison the FID spectrum in Figure 6.3a is with 

full longitudinal relaxation.  
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Figure 6.3. 31P Spectra obtained in a 20x20x20 mm3 voxel of a spherical phantom 
containing PE, PC, Pi and GPC with the proposed DIMEPT sequence and for 
comparison with the AMESING sequence. (a) FID of the AMESING sequence with 
full longitudinal relaxation, TR = 30 s. (b) First BINEPT signal of the DIMEPT 
sequence with TR = 6 s; (c) FID of the AMESING sequence with TR = 6 s; (d) FID of 
the DIMEPT sequence with TR = 6 s. Acquired data were apodized with 90 Hz 
Gaussian line broadening to reduce the truncation artifact for this well shimmed 
spherical phantom. In vivo SNR is much lower and T2* values for 31P metabolites in 
the breast are < 10 ms, so these truncation artifacts are expected to remain below 
noise level. 
 

As the spectra in Figure 6.3 were measured on a well shimmed spherical phantom, the data 

were apodized with 90 Hz Gaussian line broadening to reduce the truncation artefact. 

Especially with the high signals of the FID with TR = 30 s and the polarization transfer 

signal the truncation artefact is still visible. However, in vivo T2*-values in the breast are 

short, in the order of 10 ms or less, hence give rise to a small truncation artefact as the 

duration of the acquisition is 14.7 ms for a FID and 29.4 ms for a full echo, which remains 

below the noise level.  
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Note that the BINEPT spectrum of the J-coupled metabolites (Figure 6.3b) corresponds 

well to the fully T1-relaxed direct detection spectrum (Figure 6.3a). The small Pi peak is 

because of T2 loss during the segmented BIR-4 0° pulse on the 31P channel and excluding 

phase cycling during all measurements. The FID obtained sequentially after the BINEPT-

ME (Figure 6.3d), within the same TR of 6s, has comparable SNR as the FID obtained 

exclusively with the AMESING acquisition (Figure 6.3c, i.e. without polarization transfer). 

The polarization transfer efficiency EPT measured for PE, PC, GPC in the phantom were 

0.99, 0.88, and 0.87, respectively.  

Figure 6.4 shows a comparison of the 31P spectra acquired in summed voxels of fibro-

glandular tissue of five healthy female volunteers with the DIMEPT sequence and the 

AMESING sequence. The spectra shown in Figure 6.4 are the average over five 

volunteers. Note that the FID spectra of DIMEPT and AMESING are of similar signal 

intensity. The T2 and 1/b-weighted spectra reveal the increase in SNR that is obtained 

when a weighted average of FID and all echoes are taken. As the T2 and b values are 

metabolite- and thus chemical shift dependent, the weights were determined as a cubic 

spline function over the spectral range. The spectra shown in Figure 6.4 are all scaled to 

the same noise level. 

Note the substantial increase in SNR for the PMEs in the DIMEPT T2,1/b spline-

weighted spectrum as compared to the FID of the sequence. When comparing the SNR of 

the PMEs obtained with the DIMEPT versus the FID of the direct detection, more than 3.5-

fold gain is observed. From the weighted spectra of AMESING and DIMEPT it becomes 

clear that the PDE signals (2.0 to 3.3 ppm) are dominated by metabolites with short T2 

values, presumably from (mobile) phospholipids, e.g. glycerophosphatidylcholine and –

ethanolamine (20), as their weighted average signal intensity is not enhanced by multi-

echo nor polarization transfer. The T2 and 1/b weighting can be taken into account during 

quantification of the resonances as can be observed in the DIMEPT weighted average 

spectrum scaled to the same intensity scale as the FID, (i.e. with variable noise through the 

spectrum) as shown in Figure 6.5. 

Figure 6.6 shows a comparison of a quantification with the AMARES algorithm in 

JMRUI for the FIDs from the AMESING and the DIMEPT sequences. On average the 

quantified intensities from the FID signals of the DIMEPT sequence, excluding the ATP 

signals, are 4 % lower than those of the AMESING sequence. The small decrease in the 

direct detection metabolite signals is most likely caused by the T2 relaxation during the 

segmented BIR-4 0° pulse, which is further discussed in Appendix 6.B. 
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Figure 6.4. In vivo 31P MR spectra in a voxel of 40x20x40 mm3 of the breast, TR = 6 s. 
(a) – (d) Average spectra of five healthy volunteers; (e) – (f) Spectra of one volunteer.  
(a, e) FID spectrum measured with AMESING (i.e. without polarisation transfer); (b, f) 
FID spectrum measured with DIMEPT. (c, g) T2-weighted (using a cubic spline 
function) AMESING spectrum; (d, h) T2 and 1/b-weighted (using a cubic spline 
function) DIMEPT spectrum. All spectra are scaled to the same noise level. Note that 
the cubic spline data need to be used to correct the fitted metabolite levels, which are 
affected by their individual T2 and 1/b values. 
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Figure 6.5. FID and weighted average DIMEPT spectrum with T2 and (1/b) weighting applied 
throughout the spectrum using a spline function. This way values are scaled at the same intensity as 
the FID albeit with variable noise throughout the spectrum. 

 

 

Figure 6.6. Comparison of metabolite quantification of the FIDs of the DIMEPT and the 
AMESING sequences of the in vivo data shown in Figure 6.4a,b, using the AMARES algorithm 
within JMRUI. 
 

The SNR enhancements for the phosphomonoesters (PE and PC) based on the weighted 

average DIMEPT spectrum as compared to the FID of the DIMEPT sequence is more than 

3.5. Based on Eq. [6.3], (PE: T2 = 162 ms, 1/b = 1.67) the SNR enhancement is 3.25. The 

small discrepancy can be due to limits in SNR, or to incorrect assumptions on T1. 

Underestimating metabolite T1 values leads to overestimation of the SNR enhancement, 

because the SNR of the FID spectrum depends more on the accurate assumption of T1 than 

the BINEPT part of the sequence. 

Our present implementation of the DIMEPT sequence contains 11 adiabatic (segmen-

ted) BIR-4 pulses of 4 ms and 1 single AHP of 1 ms within a TR of 6 s driven with a 

surface RF transmit coil. A shorter TR or more pulses within the TR is currently restricted 

due to SAR limits. If the DIMEPT sequence would be employed using RF coils with 
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homogeneous B1 field, then the high SAR demanding adiabatic refocusing pulses may be 

replaced by short duration block pulses. In that case one could increase SNR per unit of 

time even further by setting the optimal TR for the polarization transfer (PT) part of the 

sequence to a TR = 1.26T1(1H). Or since the T1 values of the 31P spins of the phosphoesters 

are a factor of 4 to 5 longer than the T1 values of the coupled 1H spins, four PT parts can be 

interleaved with one direct detection part to maximize SNR for both 1H as well as the 31P 

pools. Note however, that the DIMEPT sequence relies on the segmented BIR-4 pulses for 

obtaining both polarization transfer as well as a 0° pulse to keep the 31P pool unaffected. A 

hybrid sequence with SAR demanding segmented BIR-4 pulses for polarization transfer 

and low SAR demanding 180° pulses for refocusing may then be the most optimal 

solution. 

In conclusion, we have shown that the SNR per time unit of the signals of heteronuclear 

J-coupled 31P metabolites can be increased by using an adiabatic multi-echo polarization 

transfer technique with an even number of 180° refocusing pulses on the 31P channel 

combined with an adiabatic multi-echo direct detection sequence in one TR, while 

minimally affecting the polarization transfer or the direct detection signal. The in vivo 

increase in SNR for PMEs as compared to an optimal 90° pulse acquire acquisition is more 

than three fold, or 270% when compared to Ernst-angle excitation pulse acquire. The PDE 

signals in the breast, presumably mainly mobile phospholipids, have too short T2 to be 

enhanced by a multi-echo or polarization-transfer method. 
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APPENDIX 6.A 

SNR enhancement of T2-weighted signal averaging 

For a maximum SNR, all signals can be averaged using sensitivity weighting; i.e. making 

use of the 1/b-scaling factor between polarization transfer and direct detection signals, and 

T2 weighting of all echoes and FID of a metabolite:  
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The weighted average noise can be written 
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where  is the noise of the FID (or half echo) acquisition. 2
0,dd

The T2-weighting factors for direct detection and polarization transfer echoes are given by 
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respectively. On substitution of equation [6.2] and [6.A3] in equation [6.A1] and wdd,0 = 1, 

the T2-weighted average signal Swa of a metabolite becomes 
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and the weighted average noise can be written 
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Dividing equation [6.A4] by the square root of equation [6.A5] leads to the SNR 

enhancement Ewa of the weighted average signal as given by equation [6.3]. 

 

 

APPENDIX 6.B 

Modelling the effect of T2 loss during the polarization transfer 

Neglecting T2 loss during the RF periods of the pulse itself, due to spin-lock, the effect of 

the T2 loss on this segmented pulse can be expressed as a pulse imperfection . The T2 loss 

over a period of 36 ms with a T2 of 162 ms is 20 %, which can be expressed as an apparent 

pulse imperfection of the BIR-4 0° of  = 25°. This implies that part of the pool of 31P 

spins, only have 0.5TR for longitudinal relaxation, before the excitation of the direct 

detection part of the sequence begins. It can be shown that the influence of this apparent 

pulse imperfection on the steady-state longitudinal magnetization available just prior to 

the 90° pulse for the direct detection FIDof the DIMEPT sequence is  

 111 2//2/
0 1)()cos( TTTTTT

z
RRR eeeMM   . [6.B1] 

In Figure 6.B1, the deviation in the signal intensity of the FID from the DIMEPT is shown 

as a function of the apparent pulse imperfection angle  Note that up till pulse 

imperfections of 30° the decrease of the FID signal intensity does not exceed 5%. 

As the timing of the BIR-4 180° pulses is such that TE << TR and there are an even number 

of them, the influence of the BIR-4 180° pulses from the BINEPT-ME part of the sequence 

on the available longitudinal magnetization for the direct detection FID of the DIMEPT is 

> -1.4 %, for metabolite T1 values in the range of 1 to 7 s. 

To account for the empirical difference in FID signal between the FID of the 

AMESING sequence and the FID of the DIMEPT sequence of -4 % we assume that -1% is 

caused by the extra BIR-4 180° pulses of the BINEPT-ME part of the sequence and -3% by 

the apparent pulse imperfection of the segmented BIR-4  0°  in the BINEPT part of the 

DIMEPT which leads to  = 25° (see Figure 6.B1).  
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Figure 6.B1. Deviation of the FID signal of the direct detection part of the DIMEPT 
sequence as a function of the apparent pulse imperfection  (T2 loss) of the segmented BIR-
4 0° pulse of the BINEPT part of the sequence. The figure is shown for the optimal direct 
detection acquisition of TR = 1.26T1. 
 

Figure 6.B2 shows for an imperfection angle of 25° the deviation of the FID signal (dashed 

line) from a 90° pulse acquire signal with TR = 6 s as a function of metabolite T1.  

Another independent estimate of the apparent pulse imperfection   can be made by 

comparison of the Pi signal of the first BINEPT echo and the first echo of the AMESING 

part of the DIMEPT sequence, and extrapolating this to TE = 0 ms, by means of the T2 of 

Pi, for which we take 188 ms (21). The ratio of the Pi signal, at TE = 0, in the BINEPT and 

the direct detection sequence is 0.29. On neglecting the multi-echoes, the steady-state 

transverse magnetisation after the BIR-4 0° pulse with apparent imperfection   can be 

written as 

)sin()1()( 12/
0   TT

xy
ReMM  [6.B2]  

The steady-state Mxy signal after the 90° pulse in the direct detection part of the DIMEPT 

equals the steady-state longitudinal magnetisation just before this 90° pulse i.e. equal to 

Eq. [6.B1]. Taking the ratio of Eq. [6.B2] and [6.B1] equal to 0.29 and substituting with TR 

= 6 s and TR/T1 = 1.26 and solving for  also leads to  = 25°. 
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Figure 6.B2. Deviation of the FID signal from the DIMEPT (dashed line) at an apparent 
pulse imperfection (caused by T2 loss) of  = 25° of the segmented BIR-4 0°, compared to 
a conventional 90° pulse acquire FID (both at TR = 6 s), and corresponding deviation in TR 
(solid line) as a function of metabolite T1. 
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CHAPTER 7 

Monitoring of membrane metabolism during 

neoadjuvant chemotherapy in patients with 

breast cancer using phosphorus MR 

spectroscopy at 7 tesla 
WJM van der Kemp, BL Stehouwer, PR Luijten, MAAJ van den Bosch, and DWJ. Klomp. 

(in preparation) 
 

 

7.1 Introduction 

Breast cancer is by far the most prevalent type of cancer in women worldwide (1). Surgical 

breast cancer treatment is sometimes preceded by a neoadjuvant therapy such as chemo-

therapy, endocrine therapy, and/or targeted therapy. Neoadjuvant therapy is applied in 

patients with inoperable inflammatory or locally advanced breast cancer and nowadays 

also in patients with operable breast cancer, to reduce tumor volume to enable breast 

conserving surgery (2). Although reduction of the tumor volume is achieved in the 

majority of patients, a pathologic complete response is only seen in less than 20% of 

patients according to a recent meta-analyses which included almost 3800 breast cancer 

patients receiving neoadjuvant therapy (3). Because of this low pathologic complete 

response that is often used to predict survival rate, there is a need for early assessment of 

neoadjuvant chemotherapy efficacy, which would enable switching to a possibly more 

successful agent early in therapy. In contrast to imaging, that monitors the tumor’s 

morphology alterations during neoadjuvant therapy, the monitoring of tumor metabolism 

may offer a faster and better window to assess therapy efficacy. Phosphorus magnetic 

resonance spectroscopy (31P MRS) is probably the most suitable tool to achieve this, 

because the metabolites of interest are phosphorus compounds such as the phospho-

monoesters (PME) phosphocholine (PC) and phosphoethanolamine (PE) and the phospho-

diesters (PDE) glycerophosphocholine (GPC) and glycerophosphoethanolamine (GPE) that 
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are involved in cell membrane anabolism and catabolism respectively (4,5). In addition to 

these metabolites, signals of mobile phospholipids glycerophosphatidylcholine (GPtC) and 

glycerophosphatidylethanolamine (GPtE), but also metabolites involved in energy 

metabolism such as inorganic phosphate (Pi) and adenosinetriphosphate (ATP) can be 

measured with 31P MRS.   

Although hampered by a relatively low intrinsic sensitivity, 31P MRS offers substantial 

benefits above proton (1H) MRS in monitoring tumor metabolism. In vivo measurement of 

these individual 31P metabolites is feasible with 31P MRS, while in vivo proton MRS can 

only assess a ‘total-choline’ signal that comprises the sum of PMEs and PDEs. In contrast 

to 1H MRS, that necessitates water suppression that may bias the total choline signal, 

phosphorus MRS doesn't require water suppression. Moreover the chemical shift of Pi, as 

measured in 31P MRS may serve as a proxy for intracellular pH and tumor hypoxia. 

The first clinical application of 31P MRS in monitoring neoadjuvant chemotherapy in 

breast cancer patients was reported in 1989 by Ng et al. (6), after which a number of 

reports followed (7-10). All of these studies were performed at low magnetic field, having 

insufficient spectral resolution to resolve the individual PME (PE, PC) signals or indi-

vidual PDE (GPE, GPC and mobile GPtE and GPtC) signals. Moreover, the sensitivity at 

these lower field strengths could only detect MR spectra from very large tumors, often 

involving almost the entire breast. Nonetheless, these previous studies report increased 

PME signal prior to therapy and decreasing PME during therapy for responders and partial 

responders. After the publication of Leach et al. in 1998 (10), it took 13 years to improve 
31P MRS in breast cancer to facilitate clinical studies in more relevant tumor sizes. First of 

all, the field strength was increased from 1.5 T to 7 T, and efficient quadrature RF coils 

were designed dedicated to the human breast (11). All together this improved sensitivity by 

an order of magnitude; a factor of 2 from 1.5 T to 3 T and more than a factor of 5 from 3 T 

to 7 T using the dedicated breast coil (12). Moreover, MRS sequences were improved that 

include spatial localization techniques and means to maximize sensitivity even further by 

using adiabatic multi-echo spectroscopic imaging (AMESING) (13).     

In this work we investigate whether state of the art 31P MRSI is sufficiently sensitive to 

pick up PME alterations in the primary tumor in patients with breast cancer during the 

course of neoadjuvant chemotherapy.  
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7.2 Methods 

7.2.1 Patients 

From the period February 2012 to August 2013, six patients diagnosed with breast cancer 

(one T1c, four T2 and one T3 stage cancers) who were scheduled for neoadjuvant 

chemotherapy, at our institute, were asked to participate in this study. The study protocol 

was approved by the local medical ethics committee and all patients gave written informed 

consent. All patients received 6 doses of chemotherapy; either 6x FEC (fluorouracil + 

epirubicine + cyclophosphamide) or 3x FEC followed by 3x docetaxel. Patients underwent 

a 31P MRSI scan prior to-, half way- and after chemotherapy. Patients underwent surgery 

within a week after the last scan and chemotherapy efficacy was assessed by histo-

pathology.  

 

 

7.2.2 MRI and MRSI 

Patients were scanned in prone position on a 7 tesla MR scanner (Philips Healthcare, 

Cleveland, USA) using a unilateral two channel double tuned RF breast coil (MR Coils 

BV, Drunen, The Netherlands). The scan session contained a fat-suppressed T1-weighted 

3D MRI (TE = 2 ms, TR = 4 ms, binominal 10 degree flip angle, FOV, resolution 1 mm3). 

B0-shimming over the breast was obtained using the standard Philips pencil beam shim-

ming (14). 31P MRSI was obtained using the AMESING sequence (Figure 7.1), in which 1 

FID and 5 full echoes were acquired with TE = 45 ms; TR = 6 s; FOV 160x160x 160 

mm3; 8x8x8 voxels; (2 cm)3 nominal resolution; BW = 8200 Hz; sampling matrix size = 

256; total scan time 25:36 min.  

 

Figure 7.1. Adiabatic multi-echo spectroscopic imaging (AMESING) sequence (13). 
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7.2.3 Data analysis 

Acquired data were zerofilled in the time domain and spatially Hamming filtered. The 

voxel containing the breast tumor was selected using 3DiCSI (15) for visualisation. Spectra 

(1 FID and 5 full echoes) from tumor voxels of the patients, prior (P), halfway (HW), and 

after (A) neoadjuvant chemotherapy were frequency aligned for PE and weighted for the 

PE intensity of the FID to maximise SNR of the patient group spectra. The weighted sum 

FID spectra and the five weighted sum spectra of the full echoes at the three points in time 

were spectrally fitted in JMRUI (16) using the AMARES (17) algorithm. Average 

chemical shifts of the metabolites were calculated prior to-, halfway-, and after neoadju-

vant chemotherapy from FID and echo spectra. Prior to quantification the spectra were 

apodized with 40 Hz. During spectral fitting overall phases were fixed to zero, the 

linewidths of PE, PC and Pi were fixed to 55 Hz and the linewidth of GPtE+GPC in the 

FID was fixed to 65 Hz and in the echoes to 55 Hz (where predominantly GPC is left), the 

linewidth of GPtC was fixed to 65 Hz. The chemical shift of PE was kept in the range of 

6.7 to 6.9 ppm, of GPtE+GPC in the range 2.7 to 2.9 ppm. Frequency differences between 

PE and PC, GPtE+GPC and GPtC, GPE and GPC were kept at 68 Hz. Metabolic signal 

ratios for PE/(GPtE+GPC), PC/GPtC and PME/PDE, and PME/Pi were calculated from 

spectral fitting. Weighted sum spectra of the patient group for the 5 full echoes were 

spectrally fitted as well and both FID and echo data were used to calculate metabolite T2 

values. 95% Confidence intervals for the metabolite T2 values were calculated by means of 

Monte Carlo simulations.  

Metabolic signal ratios for the individual patients during the course of neoadjuvant 

chemotherapy were calculated based on T2 weighting of the FID and the five symmetric 

echoes that were acquired for the tumor voxels. Metabolic T2 weighting was based on an 

assumed proportionality between accurately known average T2 values of 31P metabolites in 

healthy glandular tissue (18) and those values in tumor tissue. To this end the 31P spectrum 

of a voxel containing the tumor was SNR optimized for all signals by fitting the same 

proportionality constant for all metabolites while applying the T2 weighting. 

 

 

7.3 Results and Discussion 

Within a time frame of 17 months, six patients participated in this study. One patient 

dropped out after the first scan session due to claustrophobia. Cancer type and receptor 
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status of the breast cancers were assessed from core needle biopsies. Two patients of the 

group who successfully concluded this study were diagnosed with invasive ductolobular 

carcinoma, two with invasive ductal carcinoma, and one with medullary carcinoma. Three 

patients had receptor status ER +, PR +, Her2neu – and two were triple negative. 

Histopathologic assessment showed that the patient group that concluded the study (n = 5) 

consisted of one full responder and four partial responders. After chemotherapy the full 

responder still had a fibroadenoma surrounding the tumor location. 

The FID spectra during neoadjuvant chemotherapy for the patient group are shown in 

Figure 7.2. For comparison, a FID spectrum of a healthy volunteer group consisting of 

seven healthy volunteers measured four times and with a four times larger nominal voxel 

size is shown as well (18). There are a number of distinct features that distinguish the 

presented breast cancer spectra from the healthy volunteer group spectrum. 
 

  
Figure 7.2. Patient group FID spectra during neoadjuvant chemotherapy as compared to a FID 
spectrum of a group of healthy volunteers. Data from healthy volunteers were obtained recently in 
our group by Stehouwer et al. (18) and are based on 7 volunteers measured four times with four 
times larger voxel sizes leading to a high-SNR group spectrum. 
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These distinct features are most prominent when comparing the patient spectrum 

acquired prior to chemotherapy with the healthy volunteer group spectrum. Prior to 

chemotherapy the patient group spectrum shows higher: PE than Pi, PE than GPtE+GPC, 

and PE than GPtC. The signals of -ATP and -ATP are higher than the PDE signals. In 

the healthy volunteer group spectrum these patterns are reversed. During chemotherapy 

(half way and after chemotherapy) the patient group spectra are showing more resemblance 

to the healthy volunteer group spectrum.  

In Figure 7.3 the PME to PDE signal ratios (PME/PDE, PE/(GPtE+GPC), PC/GPtC) 

and the PME to Pi metabolic signal ratios, as obtained from spectral fitting the FID group 

spectra, are shown during the course of chemotherapy, also in comparison to the healthy 

volunteer data by Stehouwer et al. (18). Except for PC/GPtC, with the largest error bars, all 

metabolite signal ratios of the patient group PE/(GPtE+GPC), PME/PDE and PME/Pi 

show the same decreasing pattern during the course of chemotherapy and all normalize to 

values  observed  in  healthy volunteers. The metabolic signal ratios of the averaged group 

 

Figure 7.3. PME and PDE metabolic signal ratios obtained by spectral fitting of FID group spectra 
of patients during neoadjuvant chemotherapy as compared to a group spectrum of 7 healthy 
volunteers. P: Prior-; HW: Halfway-; A: After neoadjuvant chemotherapy; H: healthy. 
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spectra shown in Figure 7.3 are based on average group signals (no physiological 

variability) and system noise (i.e. Cramer Rao lower bounds (19) ) is represented by the 

error bars. In Figure 7.4 the PME over PDE ratios are shown as an average based on the 

individual patient data –including physiological variation as an error bar– and averaged 

group data with system noise as an error bar. The largest physiological variation between 

patients is seen in the PME over PDE ratios prior to chemotherapy. 

 

Figure 7.4. Average PME over PDE signal ratios, during the course of neoadjuvant 
chemotherapy, calculated for individual patients (light grey, with physiological variation) 
and calculated from averaged patient group spectra (dark grey, without physiological 
variation). 
 

Patient signal ratios of PME over Pi relative to healthy glandular tissue are shown during 

the course of chemotherapy, in Figure 7.5. Here, a ratio of 1.0 implies that patients PME 

over Pi signal ratio equals that of healthy glandular tissue. Prior to neoadjuvant chemo-

therapy, four out of five patients show significantly higher PME over Pi signal ratios than 

encountered in healthy glandular tissue. After chemotherapy, one out of five patients 

shows a significantly lower PME over Pi signal ratio than encountered in healthy glandular 

tissue, while the other four patients have PME over Pi signal ratios similar to those in 

healthy glandular tissue. The PME over Pi ratio is a tissue viability marker that can be used 

in for instance assessing kidney quality for transplantation (20), where a high ratio 

designates viable tissue. In radiation therapy a decrease of this ratio is an early marker for 

tumor cell apoptosis (21). However, pre-thermoradiotherapy PME to Pi ratios in sarcomas 

inversely correlate to pathologic complete response (22). 
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Figure 7.5. Individual patient metabolic signal ratios of PME over Pi, during the course of 
chemotherapy, relative to healthy glandular tissue. P: Prior-; HW: Half Way-; A: After 
neoadjuvant chemotherapy. For a value of 1.0 the PME over Pi signal ratio of patient equals that 
ratio in healthy glandular tissue. Note that all patients showed a higher PME over Pi ratio than 1.0 
prior to therapy.  
 

Calculated metabolite T2 values with 95 % confidence intervals are shown in Figure 7.6 

during chemotherapy and for healthy volunteers. Metabolite T2 values fitted from low-SNR 

 

Figure 7.6. Calculated metabolite T2 values and 95 % confidence intervals for several phosphorus 
containing metabolites in a breast cancer patient group during neoadjuvant chemotherapy. 
 

data are prone to be overestimated, as is evident from the asymmetric confidence intervals 

in Figure 7.6. Significantly lower T2 values are seen for PE(HW), PC(P), Pi(P, HW, A) and 

GPtE+GPC(HW). Overall there is a trend for lower 31P metabolite T2 values in these breast 

  96



CHAPTER 7:31P MRS monitoring of membrane metabolism during neoadjuvant chemotherapy in breast cancer  

cancer patients, as compared to the metabolite T2 values in healthy fibroglandular tissue. 

This matches the lower T2 values of water in prostate tumors as reported by Roebuck et al. 

(23). The significant higher T2 for the (GPtE+GPC) signal prior to chemotherapy is 

possibly caused by increased GPC prior to chemotherapy in this patient group, that 

includes two triple negative breast cancer patient cases. It is likely that GPtE has a T2-value 

similar to GPtC, i.e. in the order of 20 ms, while GPC is likely to have a T2 value that is in 

the range of the PMEs or even higher. In calf muscle for instance it exceeds 300 ms at 7 T 

(24). This implies that on average the GPC signal (and concentration) is higher prior to 

chemotherapy and decreases during therapy in this patient group, which is contrary to the 

general, probably too simplistic, paradigm of increasing GPC and GPE during successful 

chemotherapy. This is corroborated by a report on the difference in choline metabolic 

profile of basal like and luminal like breast cancer xenografts by Moestue et al. (25), where 

it was found that triple negative/basal like breast carcinomas had high GPC/PC ratios.  

For the patient group as a whole the average chemical shift of Pi shows an increase of 

+0.14 ± 0.05 ppm over the course of the chemotherapy, which corresponds to a shift in pH 

of 0.19 units, implying a more acidic environment before the start of the chemotherapy, 

possibly indicative of tumor hypoxia or lactate formation. 

In conclusion, using state of the art 31P MRSI provides sufficient sensitivity to detect 

statistically significant phospholipid alterations in primary breast tumors during neoadju-

vant chemotherapy, despite the limited and heterogeneous sample size. Moreover, the 31P 

spectrum of the patient group obtained prior to treatment is distinctly different from the 31P 

spectrum of glandular tissue in the healthy volunteer group and transforms its shape during 

the course of the chemotherapy towards the shape of the spectrum of the healthy volunteer 

group. In line with our prospective hypothesis, the elevated PMEs in breast tumors 

decrease during the course of the chemotherapy. In addition, due to the high spectral 

resolution at 7 T, a subtle tumor pH reduction of 0.19 units is observed during the 

treatment, possibly indicating tumor hypoxia or lactate formation. 
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Summary 
 
 

 
Chapter 1: Introduction. 

At present, the risk of a woman developing invasive breast cancer during her life is about 1 

in 8. This makes breast cancer the most prevalent type of cancer in women worldwide.  As 

the risk of dying from breast cancer for a woman is about 1 in 36, early breast cancer 

detection and effective treatment are paramount in decreasing this risk.  

From preclinical studies and clinical studies in large tumors it is known that 

phospholipid- and energy metabolism are altered in cancer as compared to healthy fibro-

glandular tissue. Phosphorus magnetic resonance spectroscopy (31P MRS) offers the possi-

bility to measure a number of key metabolites involved in these processes in vivo. 

Unfortunately, the 31P MRS method is not very sensitive and requires that the magnetic 

field strength, the coil efficiency, the B1 field, and the pulse sequences used, are pushed to 

the limit, all to maximize the signal to noise ratio. The main theme of this thesis is pushing 

pulse sequences to the limit, to obtain the best signal to noise ratio possible in detecting 

phosphorus metabolites.  

The work described in this thesis can therefore possibly contribute to increasing the 

specificity of breast cancer detection and monitoring the efficacy of neoadjuvant therapy.  

 

Chapter 2: Increase in SNR for 31P MR spectroscopy by combining polarization 

transfer with a direct detection sequence. 

The sensitivity of 31P MRS can be increased using higher magnetic fields, but in addition 

also by using 1H to 31P polarization transfer techniques. Consequently, the sensitivity is 

determined by the polarization of the proton spins and thus the SNR per unit time is 

unaffected by the slow T1 relaxation properties of the 31P spins. This implies that 31P spins 

can be manipulated during the T1 relaxation of the 1H spins, without affecting the SNR of 

the 1H to 31P polarization transferred spins. It is shown here that by combining 1H to 31P 

polarization transfer with a direct 31P detection sequence in one TR, one can gain more 

SNR per unit of time as compared to a polarization-transfer sequence alone. Proof of 

principle is demonstrated by phantom measurements and additionally the method was 

applied to the human calf muscle and to the human breast in vivo at 7 T. 
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Chapter 3: Adiabatic Multi-Echo 31P Spectroscopic ImagiNG (AMESING) at 7 tesla 

for measuring transverse relaxation times and regaining sensitivity in tissues with 

short T2* values. 

An Adiabatic Multi-Echo Spectroscopic ImagING (AMESING) sequence, used for 31P 

MRSI, with spherical k-space sampling and compensated phase encoding gradients, was 

implemented on a whole body 7 tesla MR system. One free induction decay (FID) and up 

to five symmetric echoes can be acquired with this sequence. In tissues with short T2* and 

long T2 this can theoretically lead to a potential maximum SNR increase of almost a factor 

3, compared to a conventional FID acquisition with Ernst-angle excitation. However, with 

T2 values being in practice ≤ 400 ms a maximum enhancement of approximately 2 

compared to low flip Ernst-angle excitation should be feasible. The multi-echo sequence 

also enables the determination of localized T2-values. The sequence is validated with 31P 

3D MRSI on the calf muscle and on the breast of a healthy volunteer, and subsequently 

applied in a breast cancer patient. The T2-values of phosphocreatine (PCr), phosphodiesters 

(PDE) and inorganic phosphate (Pi) in calf muscle were 193 ± 5 ms, 375 ± 44 ms, 96 ± 10 

ms, respectively and the apparent T2 of -ATP of 25 ± 6 ms. A T2 of 136 ± 15 ms for Pi 

was measured in glandular breast tissue of a healthy volunteer. The T2-values of phospho-

monoesters (PME) and PDE in breast cancer tissue (ductulolobular carcinoma) ranged 

between 170 and 210 ms and PME to PDE signal ratios were calculated to be for: phospho-

ethanolamine (PE) to glycerophosphoethanolamine (GPE) 2.7, phosphocholine (PC) to 

glycerophosphocholine (GPC) 1.8 and PME/PDE = 2.3. Considering the relatively short 

T2* values of the metabolites in breast tissue at 7 T, the echo spacing can be short without 

compromising spectral resolution, while maximizing sensitivity.  

 

Chapter 4: 31P Magnetic resonance spectroscopy of the breast and the influence of the 

menstrual cycle. 

Phosphorus metabolite ratios are potential biomarkers in breast cancer diagnosis and 

treatment monitoring. To investigate the metabolite ratios PME to PDE, PE to GPE, and 

PC to GPC in healthy glandular breast tissue, and the potential effect of the menstrual 

cycle, we performed 31P MRS at 7 T. Seven women with regular menstrual cycles each 

underwent four MRS examinations (n = 28 examinations in total) using 3D 31P AMESING. 

Peak integrals were assessed of spectra from glandular tissue using IDL and JMRUI 

software. First, T2 relaxation times were calculated using multi-echo data pooled across 
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subjects and time points. Subsequent, metabolite ratios were calculated for each phase of 

the menstrual cycle using the calculated T2 values to account for when combining the FID 

and all five echoes. The metabolite ratios were calculated both on group level and 

individually. T2 decay fits resulted in a T2 relaxation time for PE of 154 ms (95% CI 144-

164), for PC of 173 ms (95% CI 148-205), for Pi of 188 ms (95% CI 182-193), for GPE of 

48 ms (95% CI 44-53), and for GPC of 23 ms (95% CI 21-26). The metabolite ratios 

analysed on group level showed negligible variation throughout the menstrual cycle. 

Individual results did show an apparent intra-individual variation, however, non-significant 

due to the measurements’ uncertainty. Based on these findings we conclude that the 

phospholipid metabolites in glandular breast tissue as measured with 31P MRS at 7 T are 

not significantly affected by the menstrual cycle.  

 

Chapter 5: On the origin of the in vivo 31P MRSI phosphodiester signal of the healthy 

human breast at 7 tesla. 

A large part of the in vivo PDE signals from the breast, as measured with 31P MRSI 

techniques at 7 T, are likely to originate from mobile lipid structures. Examples of these 

mobile lipid structures are small vesicles with diameters ≤ 50 nm, large arrays of inter-

lamellar attachments, or large domains of inverted cubic phases within the lipid bilayer. 

The T1 and T2 relaxation times for these PDE signals are too short to represent true aqueous 

GPC and GPE. In addition, the chemical shifts of these PDE signals do not correspond to 

GPE and GPC, but are shifted -0.5 ppm with regard to these, and correspond to chemical 

shift values of glycerophosphatidylethanolamine (GPtE) and glycerophosphatidylcholine 

(GPtC). As the PC over GPC ratio is proposed as a biomarker in breast cancer research, the 

in vivo obtained value may be contaminated with signal from mobile GPtE, or the GPtC 

peak may be erroneously assigned as GPC.  

 

Chapter 6: Increased sensitivity of 31P MRSI using Direct detection Integrated with 

Multi-Echo Polarization Transfer (DIMEPT). 

It is shown here that the sensitivity of 31P MRSI of 31P spins J-coupled to protons can be 

increased by almost a factor 3, as compared to an optimal direct detection FID. By direct 

detection integrated with multi-echo polarization transfer (DIMEPT), multiple signals from 

polarization transfer and direct detection can be acquired in one repetition time, with 

minimal mutual interference, provided that the number of refocusing pulses in the multi-
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echo polarization transfer part is even. The DIMEPT sequence is implemented on a 7 tesla 

body scanner and tested on a phantom and on the breast of five healthy volunteers. The in 

vivo SNR enhancement for the J-coupled PME is 270% as compared to Ernst-angle pulse 

acquire. However, the PDE signals presumably mainly mobile phospholipids, have too 

short T2 values to be enhanced. Uncoupled 31P spins, with sufficiently long T2 values, such 

as inorganic phosphate are SNR enhanced by a factor 1.9 as compared to Ernst-angle 

excitation pulse acquire, due to multi-echo direct detection. 

 

Chapter 7: Non-invasive detection of alterations in membrane metabolism during 

neoadjuvant chemotherapy in patients with breast cancer using phosphorus MR 

spectroscopy at 7 tesla. 

Here we investigate the feasibility of tumor metabolism monitoring in T1c to T3 breast 

cancer during neoadjuvant chemotherapy by means of 31P MRSI at 7 T. Five breast cancer 

patients were examined using a 31P MRSI sequence, prior to-, halfway-, and after 

neoadjuvant chemotherapy. Histopathologic assessment showed four partial responders 

and one complete responder to chemotherapy. The 31P MRSI data were analyzed on group 

level and compared to a spectrum of a group of healthy volunteers. The 31P spectrum of the 

patient group was distinctly different from the 31P spectrum of healthy volunteers and 

transformed its shape during the course of chemotherapy towards the shape of the 

spectrum of the healthy volunteers. Prior to chemotherapy the PME to PDE signal ratio 

and the PME to Pi signal ratio were high, and during the course of the chemotherapy these 

ratios normalized to the value of the healthy volunteers. Metabolite T2 values in tumor 

tissue tended to be lower than those for healthy glandular tissue. Assessment of individual 

patients showed that four out of five had a significant drop of the PME to Pi ratio by a 

factor of 2 or more. On average, the pH of the tumor, calculated from chemical shift 

variation of Pi, was 0.19 units lower before chemotherapy. In conclusion, we have 

demonstrated that the sensitivity of 31P MRSI in breast cancer at 7 T is sufficient to detect 

alterations in membrane metabolism during neoadjuvant chemotherapy in T1c to T3 breast 

cancer, which may be used for early assessment of treatment efficacy. 



Samenvatting 
 
 

 

Hoofdstuk 1: Inleiding 

Momenteel is het risico dat een vrouw borstkanker ontwikkelt gedurende haar leven 1 op 

8. Dit maakt borstkanker wereldwijd de meest voorkomende soort van kanker bij vrouwen. 

Aangezien het risico om te overlijden aan borstkanker voor een vrouw ongeveer 1 op 36 

bedraagt, zijn het vroegtijdig detecteren en het effectief behandelen van borstkanker van 

het grootste belang om dit risico te verlagen. 

Uit preklinische studies en klinische studies in grote tumoren is bekend dat het fosfo-

lipide- en energie metabolisme veranderd zijn in kanker ten opzichte van gezond 

borstklierweefsel. Fosfor magnetische resonantie spectroscopie (31PMRS) biedt de moge-

lijkheid om een aantal van de sleutelmetabolieten die bij deze processen betrokken zijn in 

vivo te meten. Helaas is de 31P MRS methode niet erg gevoelig en dat maakt dat het 

magneetveld, de spoel efficiëntie, het B1-veld en de gebruikte pulssequenties tot de uiterste 

grens gedreven moeten worden om de best haalbare signaal ruis verhouding te bewerk-

stelligen voor het detecteren van deze fosformetabolieten. 

Het hoofdthema van dit proefschrift is om de grens op te zoeken van wat mogelijk is 

met pulssequenties, om zo de best haalbare signaal ruis verhouding voor de detectie van 

fosformetabolieten te verkrijgen.  

Het in dit proefschrift beschreven werk kan mogelijk bijdragen tot een verhoging van de 

specificiteit van borstkanker detectie en het bewaken van de effectiviteit van neo-adjuvante 

therapie. 

 

Hoofdstuk 2: Verhoging van de SNR in 31P MR spectroscopie door het combineren 

van polarisatieoverdracht met een directe detectie sequentie. 

De gevoeligheid van 31P MRS kan worden verhoogd door toepassing van hogere 

magneetveldsterktes maar daarbovenop ook door het toepassen van 1H naar 31P 

polarisatieoverdracht. Hierdoor wordt de gevoeligheid bepaald door de polarisatie van de 

proton spins en de SNR per tijdseenheid wordt niet beïnvloed door de trage T1 relaxatie-

eigenschappen van de 31P spins. Dit betekent dat de 31P spins gemanipuleerd kunnen 

worden gedurende de T1 relaxatie van de 1H spins zonder daarbij de SNR te beïnvloeden 
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van de 31P spins verkregen via 1H naar 31P polarisatieoverdracht. Hier wordt aangetoond 

dat door het combineren van 1H naar 31P polarisatieoverdracht met een directe detectie 31P 

sequentie in een TR men een hogere SNR kan behalen dan met polarisatieoverdracht alleen. 

De principiële bruikbaarheid is aangetoond in fantoommetingen, de menselijke kuitspier en 

de borst op 7 T. 

 

Hoofdstuk 3: Adiabatische multi-echo 31P spectroscopische beeldvorming (AME-

SING) bij 7 tesla voor het meten van transversale relaxatietijden en het herwinnen 

van gevoeligheid in weefsels met korte T2* waarden. 

Een adiabatische multi-echo spectroscopische beeldvormings-sequentie (AMESING), 

gebruikt voor MRSI, met bolvormige k-ruimte bemonstering en gecompenseerde fase-

coderingsgradiënten werd geïmplementeerd op een 7 tesla magnetische resonantie systeem 

geschikt voor het hele lichaam. Eén vrij inductie verval (FID) en tot vijf symmetrische 

echo’s kunnen worden opgenomen met deze sequentie. In weefsels met korte T2* en lange 

T2 kan dit theoretisch leiden tot een potentieel maximale SNR toename van bijna een factor 

3, in vergelijk met een conventionele FID opname met Ernst-hoek excitatie. Echter, met T2 

waarden die in de praktijk korter dan 400 ms zijn, zou de maximaal behaalbare toename 

ongeveer een factor 2 kunnen zijn in vergelijk met lage Ernst-hoek excitatie. Met de multi-

echosequentie kunnen bovendien lokaal T2 waarden bepaald worden. De sequentie is getest 

met 31P 3D MRSI op de kuitspier en de borst van een gezonde proefpersoon en vervolgens 

in een patiënte met borstkanker. De T2-waarden van fosfocreatine (PCr), fosfodiesters 

(PDE) en anorganisch fosfaat (Pi) in de kuitspier waren respectievelijk 193 ± 5 ms, 375 ± 

44 ms, 96 ± 10 ms, en de ogenschijnlijke T2 van -ATP was 25 ± 6 ms. Een waarde van 

136 ± 15 ms voor Pi werd gemeten voor de T2 in het borstklierweefsel van een gezonde 

proefpersoon. De T2- waarden voor fosfomonoesters (PME) en PDE in borstkankerweefsel 

(ductaal lobulair carcinoom) varieerde tussen 170 en 210 ms en de signaalverhoudingen 

tussen PME en PDE werden bepaald voor: fosfoethanolamine (PE) en glycerofosfoethanol-

amine (GPE) 2.7, fosfocholine (PC) en glycerofosfocholine (GPC) 1.8 en PME en PDE  

2.3. Gezien de relatief korte T2* tijden van de metabolieten in borstklierweefsel bij 7 T, 

kan de tijd tussen de echo’s kort zijn zonder afbreuk te doen aan de spectrale resolutie 

terwijl de gevoeligheid gemaximaliseerd wordt. 
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Hoofdstuk 4: 31P magnetische resonantiespectroscopie van de borst en de invloed van 

de menstruele cyclus.  

Fosformetabolietverhoudingen zijn potentiële biomarkers in de diagnose van borstkanker 

en de bewaking van de behandeling hiervan. De verhoudingen van PME en PDE, PE GPE, 

en PC en GPC in gezond borstklierweefsel en de potentiële invloed van de menstruele 

cyclus hierop, werden onderzocht met 31P MRS bij 7 T. Zeven vrouwen, met een 

regelmatige menstruele cyclus, werden onderzocht met een 3D 31P MRSI-sequentie en 

ondergingen elk vier MRS onderzoeken (n = 28 onderzoeken in totaal). Piekintegralen van 

spectra van borstklierweefsel werden berekend met behulp van IDL en JMRUI software. 

Eerst werden T2 relaxatietijden berekend uit samengevoegde multi-echo data over 

subjecten en tijdspunten. Vervolgens werden de metabolietverhoudingen voor iedere fase 

van de menstruele cyclus berekend met gebruikmaking van de berekende T2 waarden voor 

de weging van FID en alle vijf de echo’s. De metabolietverhoudingen werden zowel op 

groepsniveau als op individueel niveau berekend. Fits van het T2 verval resulteerden in T2 

relaxatie tijden voor PE van 154 ms (95% betrouwbaarheidsinterval (CI) 144-164), voor 

PC van 173 ms (95% CI 148-205), voor Pi van 188 ms (95% CI 182-193), voor GPE van 

48 ms (95% CI 44-53), en voor GPC van 23 ms (95% CI 21-26). Op groepsniveau 

vertoonden de metabolietverhoudingen verwaarloosbare variatie over de menstruele 

cyclus. Individuele resultaten laten een ogenschijnlijke intra-individuele variatie zien die, 

vanwege de meetonnauwkeurigheid, niet significant is. Gebaseerd op deze bevindingen is 

de conclusie dat de metabolietverhoudingen van metabolieten betrokken bij het fosfo-

lipidenmetabolisme niet significant beïnvloed worden door de menstruele cyclus. 

 

Hoofdstuk 5: Over de oorspong van het in vivo 31P MRSI fosfodiester signaal in de 

gezonde menselijke borst bij 7 tesla. 

Een groot gedeelte van de PDE signalen uit de borst, zoals gemeten met 31P MRSI 

technieken bij 7 T, is waarschijnlijk afkomstig van structuren met mobiele fosfolipiden. 

Voorbeelden van deze structuren met mobiele fosfolipiden zijn kleine dubbellaags blaasjes 

met diameters ≤ 50 nm, lange rijen van inter-lamelaire aanhechtingen, of grote gebieden 

van geïnverteerde kubische fasen binnen de lipidedubbellaag. De T1 en T2 relaxatietijden 

van deze PDE signalen zijn te kort om afkomstig te zijn van werkelijk waterig opgeloste 

GPC en GPE. Daar komt bij dat de chemische verschuiving van deze PDE signalen niet 

overeenkomen met GPE en GPC maar -0.5 ppm verschoven zijn ten opzichte van deze en 
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corresponderen met de chemische verschuiving van glycerofosfatidylethanolamine (GPtE)  

en glycerophosphatidylcholine (GPtC). Omdat de verhouding van PC met GPC mogelijk 

gebruikt wordt als biomarker in borstkanker onderzoek, kan de in vivo verkregen waarde 

beïnvloed zijn door signaal van mobiel GPtE, of de piek van GPtC kan abusievelijk 

worden aangemerkt als GPC. 

 

Hoofdstuk 6: Verhoogde gevoeligheid voor 31P MRSI door gebruikmaking van 

directe detectie geïntegreerd met multi-echo polarisatieoverdracht (DIMEPT). 

Hier wordt aangetoond dat de gevoeligheid van 31P MRSI van 31P spins die een J-

koppeling hebben met protonen, kunnen worden verhoogd met bijna een factor 3 ten 

opzichte van een optimale directe detectie FID. Door directe detectie geïntegreerd met 

multi-echo polarisatieoverdracht, kunnen meerdere signalen van polarisatieoverdracht en 

directe detectie worden opgenomen binnen één repetitietijd, met minimale onderlinge 

interferentie, vooropgesteld dat er een even aantal refocuseringspulsen bij de multi-echo 

polarisatieoverdracht wordt gebruikt. De DIMEPT sequentie is geïmplementeerd op een 7 

tesla MR systeem voor het hele lichaam en getest in een fantoom en op de borst van 5 

gezonde proefpersonen. De in vivo SNR versterking voor de J-gekoppelde PME was 270% 

in vergelijking tot een Ernst-hoek excitatiepuls-opname. Echter, de PDE signalen, 

vermoedelijk hoofdzakelijk afkomstig van mobiele fosfolipiden, hadden te korte T2 tijden 

om versterkt te worden. Ongekoppelde 31P spins met voldoende lange T2 tijden, zoals Pi 

kregen een versterking tot een factor 1.9 in vergelijking tot een Ernst-hoek excitatiepuls-

opname, ten gevolge van de multi-echo directe detectie. 

 

Hoofdstuk 7: Non-invasieve detectie van veranderingen in membraan metabolisme 

gedurende neo-adjuvante chemotherapie bij patiënten met borstkanker door 

gebruikmaking van fosfor MR spectroscopie bij 7 tesla. 

Hier wordt de mogelijkheid onderzocht van het bewaken van het tumor metabolisme  

gedurende neo-adjuvante chemotherapie bij T1c tot T3 borstkanker met behulp van fosfor 

magnetische resonantie spectroscopie bij 7 T. Vijf borstkankerpatienten zijn onderzocht 

met behulp van een 31P MRSI sequentie voorafgaand-, halverwege- en na neo-adjuvante 

chemotherapie. Histopathologische beoordeling toonde aan dat er vier partiële respon-

denten en één volledige respondent op de chemotherapie was.  De 31P data werden geana-

lyseerd op groepsniveau en vergeleken met een spectrum van een groep gezonde 
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proefpersonen. Het 31P spectrum van de patiëntgroep is duidelijk onderscheidbaar anders 

dan dat van de gezonde proefpersonen en het veranderde gedurende de chemotherapie van 

vorm steeds meer gelijkend op het spectrum van de gezonde proefpersonen. Voorafgaand 

aan de chemotherapie waren de signaalverhoudingen van PME met PDE en Pi hoog, en 

gedurende het verloop van de chemotherapie normaliseerde deze verhoudingen tot die van 

de gezonde proefpersonen. Metaboliet T2 tijden in tumor weefsel vertoonden een trend 

naar lagere waarden dan die in gezond borstklierweefsel. Beoordeling van de individuele 

patiënten liet zien dat vier van de vijf patiënten een significante daling hadden van de 

PME/Pi verhouding van een factor 2 of meer. Gemiddeld genomen was de pH van de 

tumor, berekend uit de verandering van de chemische verschuiving van Pi, 0.19 eenheden 

lager voor de chemotherapie. Concluderend: er is aangetoond dat de gevoeligheid van 31P 

MRSI in borstkanker bij 7 T voldoende is om veranderingen in membraanmetabolisme 

waar te nemen gedurende neo-adjuvante chemotherapie van T1c tot T3 borstkanker, en dat 

de techniek mogelijk gebruikt kan worden bij de beoordeling van de effectiviteit van de 

therapie. 
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