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Introduction 

Benefits and challenges of ultrahigh field strengths 

In conventional magnetic resonance imaging (MRI), the overarching theme of maximizing the 

signal-to-noise (SNR) and more importantly the contrast-to-noise (CNR) while keeping 

acquisition time to a minimum is ever ongoing. Both SNR and CNR increase with magnetic 

field strength, B0. The induced signal in the receiver coil increases with the square of B0. The 

noise will also increase with B0, however. At clinically relevant field strengths of 0.5 T and 

above, subject related noise dominates hardware dependent noise meaning it is linearly 

dependent on B0. It thus follows that SNR has a linear dependence on B0. Although still 

substantial, this increase in SNR is lessened for most tissues due to increasing longitudinal 

relaxation time, T1, and decreasing apparent transverse relaxation time, T2*. The hyperbolic 

lengthening of T1 also converges across tissues with increasing B0 which suggests a decrease 

in the contrast of T1-weighted (T1-w) images. However, the effect is trumped by the increase 

in SNR resulting in an increase of CNR[1, 2]. The decrease of T2* yields higher CNR in T2*-

weighted (T2*-w) images. Additionally, the SNR penalty induced by parallel imaging is 

lessened at higher B0[3]. The motivation to advance to MR systems with higher B0 is thus 

clear. Previously from 1.5 to 3 T and more recently also to 7 T and beyond. 

 

The main challenge of ultra-high field strengths of 7 T and above is the wavelength 

shortening of the applied radio frequency (RF) pulses. At 7 T this RF wavelength is 

approximately 11 cm in tissue. This can be compared to the two other field strengths most 

commonly used in clinical MRI, 3 T where the RF wavelength is around 26 cm and 1.5 T 

where it is 52 cm. In the context of neuroimaging at ultra-high field strengths, the signal is 

thus characterized by the intermediate electromagnetic region where the RF wavelength is 

smaller than the imaged object, i.e. the brain. This leads to interferences and large spatial 

biases in both actual flip angles due to the transmit field (B1
+) and coil sensitivity due to the 

receive field (B1
-). Variations in actual flip angles ranging from approximately 40 % to 160 % 

of the nominal (as defined by the user) flip angle in the human brain makes any quantitative 

protocols not employing adiabatic RF pulses crucially dependent on accurate and robust flip 

angle mapping. Since measurements are not performed in the near field, the principle of 

reciprocity is no longer so easily applicable that B1
+ can be taken as an estimate of B1

-, which 

cannot feasibly be determined any other way[4]. This applies also to 3 T but the lack of a 

transmit/receive bore-integrated body coil to act as a homogenous reference is unique to 

ultrahigh field strengths. 

Another potential drawback of ultrahigh field strengths is the increased specific absorption 

rate (SAR). The relationship between SAR and field strength can be expressed as 

 𝑆𝐴𝑅 ∝ 𝜔0
2 ∙ (𝐵1

+)2 ∝ 𝐵0
2 ∙ 𝛼2 (1) 

 

where 𝜔0 is the Larmor frequency and 𝛼 is the flip angle. Already SAR-heavy sequences that 

require high, non-adiabatic, flip angles such as those employing magnetization transfer (MT) 

saturation pulses will thus be restricted at ultra-high fields strengths due to SAR restrictions. 
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Quantitative MRI: what is it and why do it 

Quantitative MRI refers to the process of obtaining reproducible and precise values of 

biophysical tissue parameters using MRI. These parameters are calculated using signal 

equations that model the signal obtained in an MR experiment. If the process is spatially 

resolved on a voxel-wise level, so called maps of tissue-specific parameters are obtained. The 

process is highly dependent on bias correction such as variations in B1
+ and B1

-. Quantitative 

MRI is often used in neurological longitudinal and cross-sectional studies where parameters 

related to tissue iron and myelination are studied[5]. 

Summary of projects 

• Project 1 – Implementation and optimization of non-interleaved MP2RAGE at 7T 

o Submitted abstract to ISMRM 2018, first author (rejected) 

o Used in six separate research projects 

o Manuscript not planned 

• Project 2 – Removing bias and increasing dynamic range in DREAM flip angle 

mapping at 7T 

o Accepted abstract to ISMRM 2019, second author (digital poster) 

o Manuscript not yet submitted (second author) 

• Project 3 – Multi-parameter mapping (MPM) of human brain at 7 T using a dual flip 

angle (DFA) approach with emphasis on longitudinal magnetization, T1 

o Accepted abstract to ISMRM UHF workshop 2019, first author (power pitch) 

o Manuscript not yet submitted (first author) 

• Project 4 – Magnetization transfer (MT) of human brain at 7 T in context of a 3D 

multi-parameter mapping protocol 

o Accepted abstract to ISMRM 2019, first author (oral) 

o Planned manuscript (first author) 

• Project 5 – MPM of human brain, comparison between 1.5, 3.0 and 7.0 T. 

o Future project 

o Planned manuscript (first author) 

 

Equipment 

All experiments performed in this doctoral thesis work was done on a 7T Philips Achieva MR 

system (Philips Healthcare, Best, NL), using a dual-channel transmit/receive head coil with 32 

receive elements (Nova Medical, Wilmington, MA). Healthy adult subjects were scanned 

after giving informed written consent as supervised by the local ethics committee (The 

Regional Ethical Review Board in Lund). 
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Project 1 – Implementation and optimization of non-interleaved 

MP2RAGE 

A semi-quantitative parameter 

The first project of this doctoral thesis work aimed to remove the effects of the large spatial 

variations in coil sensitivity prevalent at ultrahigh field strengths. This was done to obtain 

semi-quantitative, high contrast morphological image volumes with a sole isolated contrast 

mechanism, i.e. pure T1-w or T2-w. Semi-quantitative refers to a method which can measure 

repeatable voxel values in between separate scanning sessions and separate subjects if an 

identical acquisition scheme is used but where these voxel intensities do not translate to a 

physical quantity. This differs from a quantitative approach where the measured physical 

quantity (for example T1) should be consistent between different acquisition protocols. Well-

known examples of other semi-quantitative methodologies is the magnetization transfer ratio 

(MTR)[6] which isolates the magnetization transfer (MT) contrast and the MP2RAGE 

(Magnetization Prepared 2 Rapid Acquisition Gradient Echoes) sequence[7] which isolates T1 

contrast. 

A simple ratio 

The approach used was based on work done by Van de Moortele et al.[8] where a separate 

FLASH PD-w reference with identical receive profile as the main T1-w MPRAGE volume is 

obtained. The PD-w contrast is obtained by using a very small flip angle and omitting the 

inversion pulse. The ratio of these two image volumes produces a normalized T1-w image 

volume free of receive coil sensitivity, PD, T2* contrast. The voxel intensity in the 

normalized image volume can be expressed as 

 

𝑆𝑛𝑜𝑟𝑚 =
𝑆𝑀𝑃

𝑆𝑟𝑒𝑓
≈

𝐵1
−𝜌 sin(𝛼𝑀𝑃)𝑀𝑧,𝑀𝑃𝑒

−
𝑇𝐸

𝑇2
∗⁄

𝐵1
−𝜌 sin(𝛼𝑟𝑒𝑓)𝑀𝑧,𝑟𝑒𝑓𝑒

−
𝑇𝐸

𝑇2
∗⁄

≈
𝛼𝑀𝑃𝑀𝑧,𝑀𝑃

𝛼𝑟𝑒𝑓𝑀𝑧,𝑟𝑒𝑓
 (2) 

 

where indices MP and ref denotes magnetization prepared and reference volume respectively, 

𝜌 is the proton density, 𝛼 the flip angle and 𝑀𝑧 the longitudinal magnetization in the steady 

state. Note that 
sin(𝛼𝑀𝑃)

sin(𝛼𝑟𝑒𝑓)
≈

𝛼𝑀𝑃

𝛼𝑟𝑒𝑓
 for sufficiently small flip angles. 

The PD-w reference volume can either be obtained separately or interleaved within the same 

sequence acquisition using a longer inversion time, TI. An interleaved variation of the 

approach was shortly after popularized by Marquez et al. as the MP2RAGE sequence[7] 

where the PD-w reference volume is obtained at a longer TI than the MPRAGE volume. The 

MP2RAGE sequence diagram is shown in Figure 1. 
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Figure 1. Sequence diagram of the interleaved MP2RAGE acquisition. A 180° inversion pulse is followed by a T1-
w ultrafast 3D gradient echo (MPRAGE), after s short delay, TB, it is followed by a PD-w ultrafast gradient echo 

before the process is repeated over the next TR[7]. 

What’s new? 

Our approach was meant to differ from previous work in that we attempted to implement a 

general, simple and quick methodology to remove the effects of mainly receive coil 

sensitivities to obtain repeatable semi-quantitative images regardless of what contrast 

mechanism was desired. The image volumes that were normalized and used to evaluate the 

methodology in this project were obtained using either a 3D Turbo Field Echo (TFE) 

sequence for T1-w image volumes or a Turbo Spin Echo (TSE) sequence for T2-w images. 

Due to the ill-posed problem of separating PD from the sensitivity profile, information of the 

PD is in effect lost after normalization. It is thus not possible to obtain normalized images 

with pure PD-w contrast using this approach. Efforts were made to optimize the PD-w 

reference volume regarding SNR, contrast and acquisition time. In the end however, the 

project became almost exclusively centered on normalizing the 3D T1-w TFE volumes. This 

was mainly due to the decrease in GM-WM contrast of the 3D T2-w TSE when normalized 

with a PD-w reference volume.  

Practical motivations 

Further motivation for this work, nicknamed “poor-man’s MP2RAGE (PM-MP2RAGE)”, 

was that the National 7T facility needed reproducible, bias-free, and reasonably quick T1-w 

structural sequences for the many research projects running there. These projects were often 

EPI fMRI-based and therefor lacked an inherent structural image to relate the BOLD signal 

to. Although an MP2RAGE sequence (obtained courtesy of Joseph S. Gillen from the 

Kennedy Krieger Institute, KKI) was already in place that could potentially be used for this 

purpose, issues with the post-processing made it unfeasible for many researchers to take 

advantage of it. The signal combination of the two interleaved acquisitions of the MP2RAGE 

is not quite as straight-forward as the simple division in Eq. (2) however. Image data is 

combined into an MP2RAGE image as 

 
𝑆𝑀𝑃2𝑅𝐴𝐺𝐸 = real (

𝑆𝑇𝐼1
∗ ∙ 𝑆𝑇𝐼2

|𝑆𝑇𝐼1|2 + |𝑆𝑇𝐼2|2
) (3) 
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where 𝑆𝑇𝐼1 and 𝑆𝑇𝐼2 are the complex signal from the short and long TI respectively and ∗ 

denotes the complex conjugate. Eq. (3) is preferable to the simple ratio of magnitude images 

described in Eq. (2) since Eq. (3) limits the range of possible signal values between -0.5 and 

0.5 thus not elevating noisy background pixels to extremely high values. Further, the use of 

complex image data has the effect of removing phase terms caused by B0 inhomogeneities[7]. 

Thus, necessary image data exported from the scanner will consist of four images: real image 

data with short TI, imaginary image data with short TI, real image data with long TI and 

imaginary image data with long TI. In the early stages of my doctoral studies, the post-

processing pipeline responsible for anonymization of subject personal information, sorting of 

images, DICOM to NIfTI conversion and archiving was not capable of sorting the DICOM 

files with differing TI and data image type correctly. Converted NIfTI volumes thus appeared 

“scrambled” with different TIs and data image types mixed between slices, Figure 2. Further, 

a set of rudimentary post-processing tools available at the console, named “Image Algebra”, 

offered the option to perform simple algebraic operations, such as calculating the ratio of two 

images, in a user-friendly manner, . This process could be automated within an examcard, 

providing PM-MP2RAGE images directly at the console virtually without any input from the 

user. The PM-MP2RAGE approach was thus preferred over the actual MP2RAGE as the go-

to bias-free T1-w structural sequence of the National 7T facility. The implemented PM-

MP2RAGE examcards, utilizing either a (0.7 mm)3, (0.8 mm)3 or (0.9 mm)3 isotropic 

resolution was made available at the scanner and has since been used for six different research 

projects.  

 

Figure 2. “Scambled” image volume obtained because of incorrect DICOM sorting in the post processing pipeline. 
Different image types and TI are mixed within the same volume. 

Philips scaling – Obtaining a physical signal 

Due to the early version of the post-processing pipeline the signal scaling characteristic of 

Philips systems had to be performed manually in MATLAB. When the MR signal is measured 

it is first amplified by a receiver gain to utilize the full dynamic range of the ADC and 



9 

 

thereafter a fast Fourier transform (FFT) is applied to transform the signal from k-space to 

image-space. The effect of the receiver gain is cancelled prior to the FFT so that signal will be 

comparable between channels. After the FFT the resulting voxel values will be in floating 

point (FP) values and will be proportional to the measured MR signal and can thus be used for 

quantitative analysis. In the interest of saving data space, these FP values will be scaled to 

stored values (SV) as 12-bit integers using the DICOM parameters scale intercept (si) and 

scale slope (ss). SV will normally be obtained from DICOM and NIfTI files if a reverse 

scaling to FP values have not been performed. Lastly, for visualization purposes on the 

console and in image viewing software, the SV image is rescaled to displayed values (DV) 

based on the Hounsfield scale through the rescale intercept (ri) and rescale slope (rs). The 

process is visualized in Figure 3. The ri and rs parameters are available in the DICOM-header 

as is the si and ss albeit with hidden tags, i.e. no description, see Table 1. The voxel values 

were scaled from SV to FP values according to 

 
𝐹𝑃 =

𝑆𝑉 − 𝑠𝑖

𝑠𝑠
. (4) 

 

 

Figure 3. The signal scaling process from receive gain to visualization at the scanner console. 

Table 1. Philips specific scaling parameters and their respective DICOM tag. 

Scaling parameter DICOM description DICOM tag ID 

si - (2005, 100d) 
ss - (2005, 100e) 

ri Rescale Intercept (0028, 1052) 
rs Rescale Slope (0028, 1053) 
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Experimental starting point 

Experiments were performed to optimize the PD-w reference used for normalization in 

respect to acquisition time, SNR and contrast. 

The PD-weighted reference volume was acquired using a Fast Field Echo (FFE) sequence 

with TR=8 ms and a fat-water in-phase TE=1.97 ms. The slice thickness of the reference 

volume was twice that of the thickness of the main volume and oversampled by using the 

same slice spacing as in the image volume to be normalized. The absolute water-fat-shift 

(WFS) was kept constant between the reference volume and volume to be normalized so that 

any chemical shift artifacts wouldn’t vary in-between the two acquisitions. Optimal settings 

for the flip angle, αref, regarding contrast vs. SNR and the in-plane acquisition voxel size, Vref, 

regarding scan time was evaluated. The optimization procedure was mainly evaluated using 

T1-w TFE volumes, but some work was done using the T2-w TSE volumes as well. 

The TFE sequence used isotropic voxel sizes of either (0.7 mm)3, (0.8 mm)3 or (0.9 mm)3, 

α=8°, TR=8 ms and a fat-water in-phase TE=1.97 ms as well as an adiabatic 180° inversion 

pulse to emphasize T1-weighting. The TSE sequence had an isotropic voxel size of (0.7 mm)3, 

α=90°, TR=3200 ms and TE=266 ms. 

Flip angle optimization 

αref, was varied from 1° to 6° in increments of 1° to find a good compromise between SNR 

and inter-medium contrast in the normalized image volume, Figure 4. It is a well-known fact 

that increasing the flip angle means that the signal in the partially saturated steady state of the 

spoiled gradient echo acquisition will be affected in such a way that the weighting shift from 

PD-w to T1-w [9]. Employing a low αref would thus yield the purest contrast in the image to 

be normalized but lowering αref further below the Ernst angle also decreases SNR and thus a 

compromise must be reached. Segmentation of WM, GM and CSF was performed to evaluate 

the inter-medium contrast and the intra-medium standard deviation. αref=1° was deemed to 

yield too low SNR (high standard deviation in the GM and WM) while αref>2° was deemed to 

yield too low WM-GM contrast. Thus,  αref=2° was chosen for the protocol. 
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Figure 4. PM-MP2RAGE volumes with varying αref of the PD-w reference volume. A higher αref increases the SNR 
but decreases the GM-WM contrast. At αref=6° returning receive field inhomogeneities can be identified resulting 
in higher voxel values in the ratioed PM-MP2RAGE image (arrow). 

Voxel size optimization 

Van de Moortele et al. explicitly states that the voxel size should not be varied between the 

reference volume and the image to be normalized [8] if contrast from PD and T2* is to be 

eliminated. However, this was still done to evaluate the possibility of decreasing the 

acquisition time and evaluating the effects on image quality, Figure 5. It was also done to 

evaluate the effect on the T1-w in the normalized image volume. This experiment was also 

motivated by the fact that the receive field should have a low spatial frequency and should be 

possible to characterize using a low resolution. The in-plane voxel size of the reference 

volume, Vref, was varied from 0.7x0.7x1.4, 1.05x1.05x1.4, 1.4x1.4x1.4, 2.1x2.1x1.4 to 

2.80x2.80x1.4 mm3. The slice thickness was kept constant at 1.4 mm. Keeping the slice 

thickness constant was not deliberate but a mistake in the protocol setup. Each of the five 

reference volumes were used to normalize a TFE volume with an isotropic voxel size, V, of 

(0.7 mm)3. Vref was reconstructed at the MR console to the same dimensions as V through 

interpolation. Scan times of the reference volume varied based on the Vref from 0:43 min to 

3:19 min using a SENSE-factor of 2.5 in the out-of-plane slice direction. A decrease in 

contrast was not observed at increased Vref. However, Gibbs ringing was observed at high 

values of Vref due to high spatial frequencies being omitted from the acquisition. Based on this 

experiment it was determined that a Vref=23V would be suitable to save scan time. 



12 

 

 

Figure 5. PM-MP2RAGE volumes with varying voxel size, 𝑉𝑟𝑒𝑓, of the PD-w reference volume relative the voxel 

size of magnetization prepared TFE-volume, 𝑉𝑀𝑃. Contrary to the implications of Eq. (2), no decrease in the GM-

WM contrast can be observed as 𝑉𝑟𝑒𝑓 is increased. However, increasing Gibbs ringing is observed is observed at 

lower resolutions (arrows). 

Normalization of T2-w images 

When the normalization approach was attempted on the T2-w TSE-volumes the receive coil 

sensitivity bias was removed but the loss in WM-GM contrast made the approach unfeasible 

for clinical/research use, Figure 6. Elevated voxel values in the low T2* dura-mater were 

suppressed using a shorter echo time in the PD-w reference acquisition.  

 

 

Figure 6. Axial view of a T2-weighted TSE volume before and after normalization. From left to right: TSE volume 
before normalization, normalized TSE volume with reference TE=1.97 ms and normalized TSE volume with 
reference TE=0.99 ms. The same windowing is used for both normalized images. The coil sensitivity-related 
signal inhomogeneities were reduced but at the cost of lower contrast in brain. The enhancement of pixels with 

short T2
* was reduced by using a shorter TE of 0.99 ms in the reference. V=0.7 mm, VPD=1.4 mm3, αref=2°. 

  



13 

 

Reproducibility 

To test the reproducibility of the PM-MP2RAGE approach i.e. if it can be considered semi-

quantitative, one subject was scanned during five separate occasions over a period of six 

months. The average signal value of a ROI in the left frontal WM of a TFE acquired volume 

was measured and the longitudinal variability compared before and after normalization by the 

PD-w reference, Figure 7. This experiment was very much an afterthought where acquired 

data was retroactively examined to find instances where an identical acquisition protocol had 

been used on the same subject. This is the reason for the scan sessions being very unevenly 

spaced in time, i.e. 11th May 2017, 18th October 2017, 27th October 2017, 11th November 

2017 and 18th of January 2018. Since the reproducibility of the approach is such an integral 

part of the method this experiment should have been more well thought out from the start and 

perhaps precede the sequence optimization experiments. This is a lesson that should have 

been learned prior to starting upcoming projects, in particular project 3 and project 4. Even so, 

it is possible to discern that reproducibility is greatly improved due to removal of bias caused 

by the positioning-dependent receive field causing the left frontal WM to sometimes appear 

dark and sometimes bright in the unnormalized TFE image volume. As a side note, a SENSE 

artifact is visible in the second image volume of Figure 7 acquired at 18th October 2017 as 

bright stripe crossing the right thalamus. This is due to the dielectric pads, placed laterally of 

the subject’s head, used to obtain a more homogenous transmit field specifically in the inferior 

parts of the brain such as the cerebellum. The integrity of these pads will degrade over time 

meaning they will omit a signal picked up by the receiver coils. Since they are placed outside 

the FoV this will result in artifacts when parallel imaging is used. The fact that the pads could 

omit a signal was not obvious to the author and many acquisitions were therefor plagued by 

these SENSE artifacts needlessly before the pads were replaced. Further, when performing a 

test of reproducibility, the dielectric pads cause an additional variable since their exact 

placement can be hard to replicate. For this reason, they should probably have been omitted in 

scanning sessions meant to test reproducibility. 
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Figure 7. Test of the reproducibility of the PM-MP2RAGE approach. The plot shows the mean signal value of a 
ROI in a TFE acquired image volume before (squares) and after (diamonds) normalization by a PD-w reference 
volume across different scan sessions denoted by date. Standard errors as solid vertical lines and dotted lines to 
guide the eye. Images show placement of the ROI in the normalized (above) and unnormalized (below) TFE 
volumes. The same windowing is used in between scan sessions. The effect of the subject positioning-dependent 
receive field bias is clearly mitigated in the normalized image volumes and thus the average ROI signal is less 
variable in between scan sessions. At the second scan session (18th October 2017) a SENSE artifact caused by 
compromised integrity of the dielectric pads can be seen crossing the thalamus as a bright stripe. 
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Project 2 – Removing bias and increasing dynamic range in DREAM flip 

angle mapping 

Motivation and problem 

Due to the large transmit field inhomogeneities at 7 T it was apparent that accurate and robust 

flip angle mapping with a wide dynamic range would be crucial to perform any quantification 

based on longitudinal magnetization. This was especially true for the dual flip angle-based 

approach to estimate T1, where a 5 % deviation of the actual flip angle would yield a 10 % 

error in T1[10], but also for estimation of the magnetization transfer saturation described in 

project 4. 

Initially, a predefined  DREAM[11] sequence protocol was used for this purpose where a 

transmit field bias map is reconstructed directly on the console. However, when using this 

sequence, voxels in high B1
+-areas, located in the central part of the imaged object, were 

undefined in the reconstructed transmit field bias map. The DREAM transmit field mapping 

method is based on a single-shot stimulated echo acquisition mode (STEAM) image 

normalized by a gradient echo free induction decay (FID) image interleaved within the same 

TR. The actual flip angle used for the STEAM acquisition, 𝛼, is then calculated as 

 𝛼 = tan−1 (√2𝑆𝑆𝑇𝐸𝐴𝑀 𝑆𝐹𝐼𝐷⁄ ) (5) 

 

where 𝑆𝑆𝑇𝐸𝐴𝑀/𝑆𝐹𝐼𝐷 is the signal from the STEAM and FID image respectively. The map of 

actual flip angles is then converted into a map of the flip angle bias, 𝑓𝑇
+, in percentile units as 

 𝑓𝑇
+ = 𝛼 𝛼𝑛𝑜𝑚 ∙ 100 %⁄  (6) 

   

where 𝛼𝑛𝑜𝑚 is the nominal STEAM flip angle as defined by the user. From Eq. (5) it is 

evident that the method is not able to calculate actual flip angles exceeding 90° when 𝑆𝐹𝐼𝐷 

approaches zero. It was therefore realized that the high 𝛼𝑛𝑜𝑚 = 50° defined in the predefined 

sequence was ill-suited for the wide range of actual flip angles experienced at 7 T. Further, it 

was found through phantom measurements that, even when a value was successfully 

calculated, 𝑓𝑇
+ was systematically underestimated in central, high B1

+-areas, Figure 8.  This 

fact manifested in overestimated T1-values when the 𝑓𝑇
+-maps were applied to T1-maps 

obtained with the dual flip angle-based approach described in project 3. Based on simulations 

of the Bloch equations, it was determined that this underestimation of 𝑓𝑇
+ was due to non-

linear slice profile effects caused by the sinc-gauss hybrid pulse shape of the STEAM 

excitation pulse, Figure 9. The longitudinal magnetization after a STEAM preparation pulse 

is assumed to be 𝑀𝑧 = cos(𝛼) across the relevant frequency profile. However, the 

simulations show that this assumption holds progressively worse as 𝛼 is increased and the 

minima of the saturation profile, within the relevant bandwidth, successively decreases 

relative cos(𝛼) at frequency offset 0 kHz. This will result in a lower  𝑆𝑆𝑇𝐸𝐴𝑀 and thus an 

underestimated 𝑓𝑇
+. 
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Figure 8. The estimated fT+ is systematically underestimated, especially in central high B1
+-areas, when using a 

high STEAM preparation flip angle. 

 

Figure 9. Bloch simulations of the transverse, Mxy, and longitudinal, Mz, magnetization obtained after applying 
the STEAM preparation pulse for three different flip angles: 𝛼 = 30°, 𝛼 = 60° and 𝛼 = 90°.The different flip angles 
were obtained by varying the maximum amplitude and not the pulse duration. There is a decreasing minima of the 

saturation profile (Mz) relative 𝑐𝑜𝑠(𝛼) at 0 kHz offset rendering the remaining Mz smaller thus decreasing 𝑆𝑆𝑇𝐸𝐴𝑀 

and underestimating 𝑓𝑇
+. 
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When 𝛼𝑛𝑜𝑚 was lowered to accommodate this shortcoming it was found that the low SNR of 

the resulting 𝑓𝑇
+-maps, particularly in peripheral areas where the actual flip angle is very low 

(𝑆𝑆𝑇𝐸𝐴𝑀 approaches zero), severely degraded the image quality of T1-maps in the cerebellum 

and in frontal WM areas, Figure 12. 

 

How we solved it 

To alleviate the issues of systematic underestimation, signal drop-out and low SNR, several 

𝑓𝑇
+-maps acquired with a range of different 𝛼𝑛𝑜𝑚 was acquired. These maps were then scaled 

to actual flip angles and masked so that voxels with 𝛼 > 50°, where 𝑓𝑇
+ is underestimated, 

were excluded. Voxels with 𝛼 < 25° were also masked since the SNR was deemed too low. 

Remaining voxels were averaged across the different values of 𝛼𝑛𝑜𝑚  and converted back to 

𝑓𝑇
+ to create a composite, unbiased, high SNR 𝑓𝑇

+-map, Figure 11. In effect, low STEAM 

preparation flip angles are used for high B1
+-areas and vice versa. Due to the very short 

acquisition time of the DREAM sequence, approximately 15 s for whole-brain coverage, the 

addition of a few extra acquisition does not increase total scan time significantly. A set of 

three DREAM acquisition with 𝛼𝑛𝑜𝑚 = 30°, 40°, 60° respectively was found sufficient to 

obtain high SNR, unbiased 𝑓𝑇
+-maps. 

Figure 10. Low SNR in cerebellum and frontal WM of the flip angle maps cause artifacts 
in T1-maps. 
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Normally, in the beginning of a pulse sequence, certain preparation phases are performed to 

determine noise correlation between receiver channels, optimal receive gain for individual 

receiver channels as well as how much power must be allocated to the RF amplifiers to obtain 

the demanded B1
+-amplitude. The latter parameter is measured in terms of the drive scale 

[a.u.]. When running several distinct consecutive scans that are dependent on having identical 

B1
+-profiles it is important to not repeat the preparation phases determining the drive scale. 

This is the case when the 𝑓𝑇
+-maps calculated from the DREAM acquisitions are used for the 

GRE-based quantitative protocols described in project 3 and 4. The option not to repeat the 

preparation phases but instead using the phases obtained in a prior scan is available at the 

scanner system. However, when running the DREAM sequences with the preparation phases 

obtained with the GRE sequences the resulting 𝑓𝑇
+-maps had rather low SNR. This was due to 

the preparation phases determining noise correlation between receiver channels and receive 

gain for individual receiver coils were ill-suited for the DREAM acquisitions. Therefore, an 

alternative software patch was created in the Philips GOAL-C-based pulse programming 

environment where the option to turn on/off individual preparation phases was added, 

specifically the noise correlation preparation phase and the receive gain optimization phase. 

Not performing the receive gain optimization preparation phases in each scan can (in the 

worst-case scenario) lead to signal clipping and severe distortion of the signal. This software 

patch was continuously altered as projects 2-4 progressed to accommodate discoveries made 

in the respective optimization processes. In all things related to the Philips pulse programming 

environment, Mads Andersen, MR clinical scientist at Philips was of tremendous help. 

 

  

Figure 11. Semi-transparent pseudo-color DREAM 𝑓𝑇
+-maps overlayed onto an anatomical volume. A: When a 

STEAM preparation flip angle of 20° is used, SNR is very low in low B1
+-areas (arrow). In some voxels, SNR is so 

low that a 𝑓𝑇
+-value can’t be calculated. B: When a STEAM preparation flip angle of 60° there is a noticeable drop 

out of 𝑓𝑇
+-values where the 𝛼𝑎𝑐𝑡 exceeds 90°. There is also a noticeable overestimation of 𝑓𝑇

+ in high B1+-areas 
compared to A (arrow). C: When the two maps are combined, both regions of low SNR and regions 
overestimations/drop-outs are removed. 



19 

 

Project 3 - Multi-parameter mapping (MPM) of human brain at 7 T using a 

dual flip angle (DFA) approach, emphasis on T1 

T1 mapping 

Conventional MRI employs weighting of tissue specific parameters to create contrast between 

different soft tissues and thus clinically usable images. One of the most common of these 

tissue specific parameters is the longitudinal relaxation time, T1. T1-w is obtained by limiting 

the time allowed for longitudinal relaxation after an excitation. Thus, penalizing the signal 

obtained from tissues with long T1, following the next excitation. The drawback of T1-w 

images (and weighted images in general) is that although the measured signal predominantly 

depends upon T1 there will normally be a mixture of other contrast sources. An exception to 

this rule would be T1-w images obtained with the previously mentioned MP2RAGE sequence 

which ideally is purely T1-w. Because they are purely T1-w, images obtained with the 

MP2RAGE sequence can be converted into T1-maps basically making MP2RAGE a T1-

mapping sequence. Confounding contrast sources can be either physiological: T2, PD etc., or 

they can be hardware dependent, such as inhomogeneities in B0, B1
+ and B1

-. They can also be 

a mixture of both, such as T2*. Quantifying T1 (or any other tissue specific parameter) on a 

voxel-wise basis allows for obtaining reproducible values with physiological relevance that 

can be compared longitudinally or between scanner systems. Further, improved contrast due 

to removal of confounding contrast sources allows for identification of otherwise invisible 

pathologies. The clinical relevance of neurological T1 mapping is substantial for several 

neurological pathologies, mainly related to iron content and demyelination. An increase in T1 

has been shown in normal appearing brain tissue in subjects with early stages of multiple 

sclerosis (MS) [12, 13]. Further, a decrease in T1 has been observed in the brain stem and 

frontal cortical gray matter (GM) in subjects diagnosed with Parkinson’s disease [14]. 

Through T1 mapping it was possible to perform earlier detection of tumor progression of 

subjects with glioblastoma undergoing contrast suppressing anti-angiogenic therapy compared 

to conventional MRI [15]. 

The usefulness of gradient echoes 

The GRE sequence is a quick and simple approach to perform 3D MRI [16]. It is also a 

versatile technique where different relaxometry information can be had by simple changes in 

the acquisition scheme. For instance, by increasing the flip angle, the signal in the partially 

saturated steady state will be affected in such a way that the weighting shift from PD to T1 [9]. 

Further, the degree of T2*-w can be controlled by TE. By using two spoiled GRE (SPGR) 

sequences with a multi-echo readout and a low respectively high flip angle, images containing 

information about both T1 and T2* with a PD-weighted (PD-w) reference are obtained. 

 

Dual flip angle-based T1 mapping 

The flip angle dependence of the steady state signal can be exploited to quantify T1 through 

the variable flip angle (VFA) technique which is an SPGR-based approach where the 

repetition time (TR) is kept constant over a range of different flip angles and the signal is 

acquired under steady state conditions [17]. This has been done extensively at lower B0. It has 

further been shown that T1 can be accurately determined using only two flip angles, i.e. the 

dual flip angle (DFA) approach. Provided the flip angle pair is optimally chosen, the T1 

estimation can even be better using DFA compared to VFA [18]. The DFA approach is the 
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fastest way to acquire high resolution 3D maps of T1. It is however very sensitive to B1
+-

inhomogeneities and should be accompanied by flip angle mapping. Further, residual 

transverse coherences due to incomplete spoiling can result in erroneous T1 estimations [19]. 

Lastly, it has been shown that the SPGR signal, i.e. the Ernst equation, can be simplified into 

a rational equation for short TR and small flip angle[10]. Thus, yielding a simple equation 

from which T1 can be estimated from two flip angles. 

 

Aim of the project 

In the third project of this doctoral thesis work, we attempt to implement and optimize a 

multi-echo SPGR-based DFA sequence protocol for mainly whole-brain T1 mapping at 7 T. 

Primarily, the choice of flip angle pair and choice of excitation pulse shape is discussed and 

motivated by minimizing noise propagation and avoiding systematic biases. A finalized 

MPM-protocol is suggested from which maps of PD, R2*=1/T2* and susceptibility are also 

derived. T1 values estimated using the protocol is reported in subregions of normal brain 

tissue for seven healthy volunteers. The total measuring time for a whole-brain MPM-map 

with isotropic 0.9 mm resolution was 6.6 min including flip angle mapping. T1-maps were 

calculated through the rational approximation of the Ernst equation as described by Helms, 

Dathe & Dechent[10]. 

 

Derivation of T1 from an SPGR-based DFA approach 

The well-known Ernst equation describes the steady-state signal from an SPGR-based 

acquisition with perfect spoiled transverse coherences for a certain longitudinal relaxation 

time, 𝑇1, as a function of flip angle, 𝛼, and repetition time, 𝑇𝑅. It is traditionally written as: 

 
𝑆(𝛼, 𝑇𝑅) = 𝐴 sin(𝛼) ∙

1 − 𝑒−𝑇𝑅 𝑇1⁄

1 − cos(𝛼) ∙ 𝑒−𝑇𝑅 𝑇1⁄
 (7) 

 

where 𝐴 = 𝐴(𝑇𝐸) denotes the signal amplitude at echo time, 𝑇𝐸, under fully relaxed 

conditions i.e. 𝛼 = 𝜋/2 radians and 𝑇𝑅 ≫ 𝑇1. Thus, 𝐴 is proportional to the PD of visible 

water while also being dependent on the transverse relaxation time, 𝑇2
∗. 

If 𝑇𝑅 ≪ 𝑇1 the linear approximation 𝑒−𝑇𝑅 𝑇1⁄ ≈ 1 − 𝑇𝑅 𝑇1⁄  simplifies Eq. (7) into 

 
𝑆(𝛼, 𝑇𝑅

) ≈ 𝐴 sin(𝛼) ∙
𝑇𝑅 𝑇1⁄

1 − cos(𝛼) ∙ (1 − 𝑇𝑅 𝑇1⁄ )
. (8) 

 

It has been shown by Dathe & Helms[10, 20] that through the half-angle substitution and 

linear approximation for small flip angles, that is 𝛼 2⁄ ≈ tan(𝛼 2⁄ ), Eq. (8) can be further 

simplified to 

 
𝑆(𝛼, 𝑇𝑅

) ≈ 𝐴𝛼 ∙
𝑇𝑅 𝑇1⁄

𝛼2 2⁄ + 𝑇𝑅 𝑇1⁄
 (9) 

 

ignoring negligible small product terms. If 𝑇𝑅 is considered constant, Eq. (9) clearly shows 

the shift from T1-w to PD-w with decreasing 𝛼 as the right-hand side fraction approach unity. 

Lastly, Eq. (9) can be written as 
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 𝑆(𝛼, 𝑇𝑅
)

𝛼
= 𝐴 −

𝑇1

2𝑇𝑅
∙ 𝑆(𝛼, 𝑇𝑅

)𝛼. (10) 

 

Thus, if several 𝑆(𝛼, 𝑇𝑅
) are measured using different 𝛼, a linear relationship is obtained 

where 𝐴 can be derived from the intercept and 𝑇1 from the slope provided 𝑇𝑅 is constant. This 

provides an easy way to visually inspect data for systematic biases such as residual transverse 

coherences [21].  

Using corresponding approximations, the Ernst angle, 𝛼𝐸 = cos−1(𝑒−𝑇𝑅 𝑇1⁄ ), yielding the 

maximum steady-state signal for a certain 𝑇𝑅 and 𝑇1, can be written as 

 

𝛼𝐸 = √2
𝑇𝑅

𝑇1
. (11) 

 

Given two nominal, i.e. as defined in the scanner interface, flip angles (𝛼𝑇1, 𝛼𝑃𝐷) yielding 

predominantly T1-w and PD-w respectively for a constant 𝑇𝑅 the apparent longitudinal 

magnetization relaxation time, 𝑇1,𝑎𝑝𝑝, i.e. without correction for B1
+-inhomogeneities can be 

calculated from Eq. (9) as  

 
𝑇1,𝑎𝑝𝑝 = 2𝑇𝑅

𝑆𝑃𝐷 𝛼𝑃𝐷 −⁄ 𝑆𝑇1 𝛼𝑇1⁄

𝑆𝑇1𝛼𝑇1 − 𝑆𝑃𝐷𝛼𝑃𝐷
 (12) 

 

where 𝑆𝑇1 and 𝑆𝑃𝐷 are the respective signal intensities [10]. Correspondingly, the apparent 

signal amplitude under fully relaxed conditions, 𝐴𝑎𝑝𝑝, is calculated as 

 
𝐴𝑎𝑝𝑝 = 𝑇𝑅

𝑆𝑇1𝑆𝑃𝐷(𝛼𝑇1 𝛼𝑃𝐷⁄ − 𝛼𝑃𝐷 𝛼𝑇1⁄ )

(𝑆𝑇1𝛼𝑇1 − 𝑆𝑃𝐷𝛼𝑃𝐷)
. (13) 

 

To minimize noise propagation when calculating 𝑇1,𝑎𝑝𝑝 and 𝐴𝑎𝑝𝑝, the values of 𝛼𝑇1 and 𝛼𝑃𝐷 

for a given 𝑇𝑅 𝑇1⁄  i.e. a given 𝛼𝐸 as given by Eq. (11) can be optimized [20]. The optimal pair 

of flip angles differs between 𝑇1,𝑎𝑝𝑝 and 𝐴𝑎𝑝𝑝. Concerning 𝑇1,𝑎𝑝𝑝, they are for 𝛼 ≪ 1 and  

𝑇𝑅 ≪ 𝑇1: 

 𝛼𝑇1,𝑜𝑝𝑡 ≈ 2.4142𝛼𝐸 , (14) 

 
𝛼𝑃𝐷,𝑜𝑝𝑡 ≈

1

2.4142
𝛼𝐸 . (15) 

 

Noise propagation is stronger when calculating 𝑇1,𝑎𝑝𝑝 compared to  𝐴𝑎𝑝𝑝. Even when using 

optimal flip angles, SNR in the 𝑇1,𝑎𝑝𝑝 map is only 50 % of that in the original images.  

Regarding correction of B1
+-inhomogeneities, a 𝑓𝑇

+-map is obtained as described in project 2, 

Eqs. (5)-(6). Substitution of 𝛼𝑛𝑜𝑚 into Eqs. (12) and (13) thus yields the unbiased parameter 

values as 
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𝑇1 =

𝑇1,𝑎𝑝𝑝

(𝑓𝑇
+ 100⁄ )2

 (16) 

 
𝐴 =

𝐴𝑎𝑝𝑝

(𝑓𝑇
+ 100⁄ )

 (17) 

 

 

if higher order terms are neglected [10, 20]. Small deviations in 𝑓𝑇
+ will thus result in a large 

deviation of 𝑇1,𝑎𝑝𝑝 from 𝑇1 emphasizing the need for accurate flip angle mapping. 

Quantifying PD 

The PD can be extracted from the B1
+-corrected signal amplitude 𝐴 defined in Eq. (13) and 

Eq. (17) through estimation of B1
- [22]. Separation of PD from B1

- is an ill-posed problem 

however and B1
- is especially difficult to determine at field strengths above 1.5 T. It is known 

that B1
- is smoothly varying however which can be exploited to perform a data driven 

correction such as the unified segmentation approach[23]. Further, to obtain values in 

percentile units, the PD should be calibrated by using a source of known water content, i.e. 

the CSF in the ventricles. Maps of PD was calculated using the MATLAB-based hMRI post-

processing toolbox[24]. The toolbox is useful for this purpose since it contains the unified 

segmentation correction algorithm and calibration techniques. However, for some reason the 

toolbox does not utilize the CSF (perhaps because of limited abundance?) for calibration but 

instead assumes a PD of 63 % in WM. 

Quantifying T2* 

T2* can be estimated from a multi-echo acquisition through simple logarithmic regression and 

model fitting of the signal equation 𝑆 = 𝐴𝑒−𝑇𝐸 𝑇2∗⁄ . In the context of an MPM-protocol, the 

effect of intra-scan subject motion in the T2*-estimation can be mitigated by utilizing signal 

from all multi-echo acquisitions through ESTATICS (estimating the apparent transverse 

relaxation time from images with different contrasts) as suggested by Weiskopf et al. [25]. 

Since ESTATICS is also available in the hMRI-toolbox it was used also for the calculation of 

T2*-maps. 

 

Quantifying susceptibility 

Using phase data from a 3D multi-echo acquisition, whole-brain maps of susceptibility can be 

derived through a process referred to as quantitative susceptibility mapping (QSM). In QSM 

prior knowledge of shape and orientation of phase shift inducing objects in relation to the 

external magnetic field are used. Most QSM models apply background field removal as well 

as some methodology to solve the inverse problem of calculating individual dipole 

sources[26]. The recently proposed QSM formalism Multi-Scale Dipole Inversion (MSDI) 

presented by Acosta-Cabronero et al. reduces the impact of dipole-incompatible fields to 

minimize artifacts[27]. 

 

Optimal flip angle pair 

Figure 12 shows the voxel-wise apparent Ernst angle (in degrees) in a subject brain obtained 

through a VFA experiment and calculated using Eq. (11) where a linear regression 

generalization of Eq. (12) was used to calculate 𝑇1,𝑎𝑝𝑝. The left half of the figure shows three 
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orthogonal views of the apparent Ernst angle distribution in the subject brain, displayed in a 

pseudo color scale (window [4-17°]). Of course, the apparent Ernst angle (and thus the pair of 

optimal flip angles) is lower in areas with high 𝑇1,𝑎𝑝𝑝 and vice versa. More notably, the 

distribution shows a clear B1
+-dependency. For example, areas with low apparent flip angles 

such as in the lateral temporal lobe and cerebellum display high apparent Ernst angles 

(𝑇1,𝑎𝑝𝑝 < 𝑇1) while in more central areas, like the splenium of the corpus callosum, the 

apparent Ernst angles are lower (𝑇1,𝑎𝑝𝑝 > 𝑇1). The right-hand side of Figure 12 shows a 

whole-brain histogram of the apparent Ernst angle with a black solid line denoting the 

median. Using this median to determine the optimal nominal flip angle pair according to Eqs. 

(14)-(15) would yield 𝛼𝑇1/𝛼𝑃𝐷 = 23°/4°. 

 

Figure 12. Pseudocolor map (left) and whole-brain histogram (right) of the actual Ernst angle, i.e., with B1
+-

inhomogeneity. The median Ernst angle of 9.6° (black line) would require optimal settings of 𝛼𝑃𝐷 = 4° and 𝛼𝑇1 =
23°. Note the large low spatial frequency variations due to B1

+-inhomogeneities that confounds the T1-

dependency. 

Residual transverse coherences 

VOI analysis showing deviations from the expected flip angle dependency of the steady-state 

signal, Eq. (10), in a high and low B1
+-area is seen in Figure 13 and Figure 14 respectively. 

Figure 13.-Figure 14.A: Three orthogonal views of a B1
+-map in pseudo-color (window [50 

p.u. to 150 p.u. of nominal flip angle]). The placement of the VOIs in the splenium (high B1
+) 

and left frontal WM (low B1
+) respectively are displayed. Figure 13.-Figure 14.B: Plot of the 

average signal dependency in respective VOI upon the nominal flip angle. Nominal flip 

angles are denoted in the figures. Expected values shown as solid line. Figure 13.-Figure 

14.C: Axial view of the FFE-volumes obtained with each flip angle. The volumes are centered 

upon the placement of the respective VOIs and consistent windowing is used. Deviations 

from the expected linear behavior and thus from the Ernst equation could be seen starting 

from a nominal flip angle of 16° in Figure 13 but not until 32° in Figure 14. This would 

correspond to actual flip angles of 16° ∙ 1.23 = 19.7° and 32° ∙ 0.73 = 23.5° respectively. 

Thus, 𝛼𝑇1 = 23° was deemed too high to guarantee complete spoiling and a flip angle pair of 

𝛼𝑇1/𝛼𝑃𝐷 = 16°/4° was chosen for the protocol. 
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Figure 13. VFA experiment with VOI analysis of the splenium (nvox=365) situated in a high B1
+-area (123 % of 

nominal flip angle).  Residual transverse coherences become apparent at a nominal flip angle of 16° i.e. an actual 
flip angle of 19.7°. A: Pseudocolor map of B1

+ windowed between 50 p.u. and 150 p.u. of nominal flip angle 
showing the location of the splenium VOI. B: The signal dependence on the nominal flip angle plotted as 
described in Eq. (10). Deviations from the expected linear behavior (solid line) indicate a systematic bias due to 
residual transverse coherences. Nominal flip angles denoted in figure. Expected values calculated from 4°, 8° and 
12° nominal flip angle and extrapolated.  C: Axial view FFE-volumes with differing flip angles centered on the 
splenium VOI using the same windowing. 

 

Figure 14. VFA experiment with VOI analysis of the left frontal WM (nvox=545) situated in a low B1
+-area (73 % of 

nominal flip angle). In contrast to Figure 13, residual transverse coherences do not become apparent until at a 
nominal flip angle of 32° i.e. an actual flip angle of 23.5°. A: Pseudocolor map of B1

+ windowed between 50 p.u. 
and 150 p.u. of nominal flip angle showing the location of the left frontal WM VOI. B: The signal dependence on 
the nominal flip angle plotted as described in Eq. (10). Deviations from the expected linear behavior (solid line) 
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indicate a systematic bias due to residual transverse coherences. Nominal flip angles denoted in figure. Expected 
values calculated from 4°, 8°, 12° and 16° nominal flip angle and extrapolated.  C: Axial view FFE-volumes with 
differing flip angles centered on the splenium VOI using the same windowing. 

Pulse shape and B0 sensitivity 

Figure 15 shows Bloch-simulations of two different RF pulse shapes both available at the 

MR-system used. The first pulse shape (blue) is rectangular or “block-shaped” and is the 

default excitation pulse shape for a GRE while the second is an asymmetric sinc-gauss hybrid 

(red) with one side-lobe with anti-parallel phase (negative amplitude). Both pulses correspond 

to a flip angle of 16° and have a maximum B1
+-amplitude of 4.317 μT and a pulse length of 

241.8 μs and 697.6 μs for the rectangular and asymmetric sinc-gauss pulse respectively. The 

upper row shows the pulses in the time-domain centered on the start of the read-out. The 

bottom row shows the transverse magnetization, Mxy, in the frequency domain i.e. the 

frequency response profile of either pulse centered on the nominal Larmor frequency. Black 

solid lines indicate the B0-shimming interval used at the scanner system. It was found that the 

asymmetric sinc-gauss pulse shape had a broader frequency response profile, despite its 

longer pulse length, than the rectangular pulse shape within the relevant shimming-interval. 

 

Figure 15. Upper row: Simulation of two pulse shapes both yielding a 16° flip angle. A rectangular “block-shaped” 
pulse (blue) and an asymmetric sinc-gauss (red). Both have a maximum B1

+-amplitude of 4.317 μT and a time 
duration of 241.8 μs and 697.6 μs respectively. Lower row: Simulation of the frequency dependence of the 
transverse magnetization (Mxy) obtained with the respective pulses. There is a clear narrowing of the response 
profile of the block pulse on either side of the Larmor frequency (denoted by 0). This indicates a sensitivity to B0-
inhomogeneities of the block shaped pulse compared to the asymmetric sinc-gauss pulse despite the formers 

shorter pulse duration. Solid black lines indicate the B0 shimming interval of the scanner. 
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Figure 16 shows a VOI analysis from a VFA experiment like Figure 13-Figure 14. Three 

orthogonal views of a B0-map (window -π to +π radians phase offset) showing the placement 

of the VOI in a high B0-area (average/sd=1.08/0.0976 π radians) in the sinuses (A). Linear 

revamping of the Ernst equation (Eq. (10)) showed no systematic bias even at high flip angles 

(B). Displayed is also an axial view of the FFE volume for the different flip angles, centered 

on the VOI in the sinuses and with consistent windowing (C). Based on these experimental 

results together with the Bloch-simulations the asymmetric sinc-gauss shaped pulse shape was 

determined suitable and chosen for the protocol. 

 

Figure 16. VFA experiment with VOI analysis of the sinuses (nvox/cc=1249/1.03) situated in a high f0-area (1.08 π 
radians mean phase offset). No systematic deviation from the Ernst equation is observed indicating that the 
spectral response function of the sinc-gauss shaped pulse does not experience a significant narrowing even at 
high resonance frequency offsets. A: Map of f0 windowed between -π and +π radians phase offset showing the 

location of the sinuses VOI. B: The signal dependence on the nominal flip angle plotted as described in Eq. (10). 
Deviations from the expected linear behavior (solid line) would indicate a systematic bias due to incomplete 
excitation (or to residual transverse coherences as described in experiment 1). Nominal flip angles denoted in 
figure. C: Axial view of FFE-volumes using the same windowing with differing flip angles centered on the sinuses 
VOI. 

To make the change of pulse shape permanent the default excitation pulse shape utilized by 

GRE-sequences were changed to the asymmetric sinc-gauss hybrid in the customized 

software patch. Another alteration was the added possibility to turn off an image filter (likely 

some form of low-pass filter) that previously was only possible to turn off when performing 

phantom scanning. 
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Pulse length and incidental MT effects 

Further patch modifications included an option to fixate the duration, τ, of the excitation 

pulse. This was done to test a hypothesis of induced incidental MT effects (described in more 

detail in project 4) caused by high-power RF pulses (short τ and high B1
+-amplitude). The 

hypothesis was that incidental MT effects saturates the longitudinal magnetization of the free 

water which is interpreted as a slower T1-relaxation. Prior experiments had yielded 

overestimated T1-estimates and it was believed that this could be the underlying cause. 

Figure 17 shows two T1 maps with corresponding whole-brain histograms obtained with 

excitation pulse lengths τ=200 μs and τ=700 μs. An increase of T1 is visible both in the 

grayscale images and in the WM modes of the histograms. VOI analysis showed a WM T1 of 

1244±69 ms for τ=700 μs and 1382±71 for τ=200 μs. This is possibly due to incidental MT 

effects caused by the increased power deposition of the shorter pulse. 

 

Figure 17. Axial view of T1 maps (left) with accompanying whole-brain histograms (right). Excitation pulse lengths 
were τ=200 μs (blue) and τ=700 μs (red). Windowing: 900-2700 ms. Overestimation of T1 in WM is evident both in 
the grayscale images and in the WM mode of the histogram when τ=200 μs possibly due to incidental MT effects. 

Results from the final protocol 

Table 2 shows average T1-values of normal brain tissues with standard deviations across 

seven healthy volunteers obtained through VOI analysis.  

Table 2. Average T1 values of normal brain tissue across seven healthy volunteers. Published T1-estimates by 
Rooney et al. also shown[1]. 

Tissue T1 [ms] Rooney et al. T1 [ms] 

White Matter 1253 ± 32 1220 ± 36 
Cortical Grey Matter 1924 ± 46 2132 ± 103 
Caudate Nucleus 1734 ± 89 1745 ± 64 
Putamen 1609 ± 71 1700 ± 66 
Thalamus 1816 ± 120 1656 ± 84 
Splenium 1438 ± 68 N/A 

 

Figure 18 shows parameter maps from another example subject using the optimized protocol 

(left) accompanied by a whole-brain T1-histogram (right) of the same subject. T1 and 

susceptibility maps show a high GM-WM contrast especially in deep brain. The histogram 
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shows clearly delineated modes representing WM (~1280 ms) and GM (~1880 ms). A very 

slight CSF mode is also visible above 4000 ms. 

 

Figure 18. Left: Axial view of calculated parameter maps from one subject using the optimized protocol. 
Windowing used: T1 (900-2700 ms), R2* (0-76 s-1), PD (50-100 p.u.), QSM (-0.1-2.5 ppm). Right: Whole-brain 
histogram of the T1-map. Modes representing WM and GM clearly delineated. A small bump in the high-end tail of 
the histogram denotes the better part of the CSF voxels. 

Summary 

We optimized a multi-echo SPGR-based DFA protocol for T1-mapping with acquisition 

parameters optimized for 7 T and acquired in approximately 6.6 min including flip angle 

mapping. Maps of R2*, PD and susceptibility can be derived from the same data as an 

inherent bonus of the sequence design. Although it is in truth an MPM-protocol, the sequence 

parameters were optimized regarding T1-quantification which is therefor the focus of this 

work. An emphasis was put on choosing the optimal flip angle pair regarding minimizing 

noise propagation and avoiding systematic bias from residual transverse coherences. 

Alternatives for the shape of the RF pulses used for excitation were explored. Specifically, to 

find a pulse shape with a broad frequency response profile while also being reasonably short 

to fit within the predefined TE. The purpose of which was to avoid incomplete excitation in 

areas with high B0-deviations. Lastly, a trend was observed of increasing overestimation of 

T1-values when decreasing the excitation pulse length while maintaining the same flip angle, 

i.e. increasing the B1
+-amplitude, believed to be due to inherent MT effects. Specifically, at 

pulse lengths of 200 μs T1-estimates were systematically higher. 

T1-values in normal brain tissue (Table 2) agreed well with published values from Rooney et 

al. [1] except for in the thalamus which suffered from rather low SNR.  

The main benefit of an SPGR-based approach for whole-brain T1-mapping is the speed of 

acquisition due to the lack of saturation recovery, allowing high spatial resolution. The 

reduction of scan time when removing the inversion pulse is further increased at ultra-high 

field strengths due to the lengthening of T1 with increasing B0. Compared to other 
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methodologies there are other benefits as well. When IR is combined with an EPI read-out, 

the long TEs bias the measured signal in favor of tissues with long T2*. This becomes an issue 

in voxels partially containing myelinated tissue, which have both a short T1 and T2* compared 

to surrounding tissue, effectively overestimating T1. Further, image quality suffers from eddy 

currents and other EPI-related distortion artifacts. Regarding MP2RAGE, the signal is 

acquired while approaching steady-state making the point-spread-function large thus yielding 

the sequence somewhat unsuitable for high spatial resolutions. 

In the future we should focus on balancing resolution SNR, and acquisition time particularly 

regarding the use of parallel imaging and partial Fourier acquisitions. Further, more rigorous 

optimization of the echo-train regarding R2* and QSM is needed. 

Multi-parameter mapping at 7 T using a SPGR-based DFA approach with acquisition times 

under 7 min including flip angle mapping is feasible. However, care should be taken to avoid 

systematic bias due to residual transverse coherences, as well as B0 and B1
+-inhomogeneities. 

We found that a flip angle pair of 𝛼𝑇1 𝛼𝑃𝐷 = 16°/4°⁄  and a relatively long (above 200 μs) 

asymmetric sinc-gauss shaped excitation pulse were the optimal acquisition settings regarding 

T1-mapping of the human brain.  
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Project 4 - Magnetization transfer saturation in context of a 3D multi-

parameter mapping protocol 

The aim of the fourth project of this doctoral thesis work was to expand the DFA-based 

MPM-protocol described in project 3 to also measure the MT in a fashion optimized for 7 T. 

Quantitative MT and MTR 

It is possible to fully quantify the MT with high accuracy using a two-pool exchange 

model[6]. This approach demands scan times which are generally not feasible in a clinical 

protocol. Alternatively, semi-quantitative metrics measuring the MT can be employed similar 

to the PM-MP2RAGE approach described in project 1, i.e. metrics that do not measure a 

physical quantity and is dependent on sequence parameters but reproducible across intra/inter 

site scans and subjects. One such semi-quantitative metric commonly used is the 

magnetization transfer ratio (MTR). As the name implies, the MTR is obtained simply by 

normalizing an MT-w image with an image obtained with the same sequence protocol but 

without the off-resonance saturation pulse, again very similar to the PM-MP2RAGE 

approach. The MTR approach is thus a relatively quick way to estimate the MT. Since it is 

dependent on sequence parameters it will be affected by flip angle inhomogeneities which 

will be especially significant at ultra-high field strengths. Further, the energy equilibrium 

between the semi-bound pool and the free water pool is disturbed by the off resonant 

saturation pulse which lengthens the T1-relaxation of the free water pool. This results in an 

apparent increased saturation of the free pool during read-out and consecutively an 

overestimation of the MT effect. 

Magnetization transfer saturation 

Another semi-quantitative metric, suggested by Helms et al. is the magnetization transfer 

saturation, MTsat[28]. The purpose of this metric is to provide an intermediate between the 

oversimplified MTR and the complicated and time-consuming process of fully quantifying the 

two-pool model parameters. MTsat is defined as the ratio of longitudinal magnetization in the 

free water pool that is lost (saturated) by a single off resonance MT pulse during a single TR, 

be it from indirect MT exchange between the two pools or direct saturation of the free water 

pool. The signal equation describing MTsat can be thought of as an analogue to the signal 

equation describing a dual excitation experiment. Starting from the simplified expression of 

the Ernst signal equation describing a spoiled gradient echo in the steady state, Eq. (9), the 

steady state signal obtained from two consecutive flip angles, 𝛼1, 𝛼2, within one TR can be 

written as 

 
𝑆1,2(𝛼1, 𝛼2, 𝑇𝑅) ≈ 𝐴𝛼1 ∙

𝑇𝑅 𝑇1⁄

𝛼1
2 2⁄ + 𝛼2

2 2⁄ + 𝑇𝑅 𝑇1⁄
. (18) 

   

where 𝛼1 is the read-out flip angle and the fractions in the denominator, 𝛼1
2 2⁄  and 𝛼2

2 2⁄ , 

describe the effect on the longitudinal magnetization by the respective flip angles. The two 

excitations can be though of in more general terms as saturation events. The second fraction is 

thus replaced by a general saturation term, 𝛿 = 𝛼2
2 2⁄ . The steady state signal obtained from a 

spoiled gradient echo acquisition with a single MT saturation pulse prior to excitation and 

read-out can thus be written as 
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𝑆𝑀𝑇(𝛼, 𝛿, 𝑇𝑅) = 𝐴𝛼 ∙

𝑇𝑅 𝑇1⁄

𝛼2 2⁄ + 𝛿 + 𝑇𝑅 𝑇1⁄
. (19) 

   

Since 𝛿 is the saturation caused by the MT saturation pulse, i.e. the MTsat metric, we simply 

re-arrange Eq. (19) to determine 𝛿: 

 
𝛿 = (

𝐴𝛼

𝑆𝑀𝑇
) ∙

𝑇𝑅

𝑇1
−

𝛼2

2
 (20) 

   

which can easily be converted into percentile units. Worthwhile to note in Eq. (20) is the 

inherent correction of flip angle inhomogeneities. Since 𝐴 and 𝑇1 have a linear and quadratic 

dependence on 𝑓𝑇
+ respectively as noted in Eqs. (12)-(13) the 𝑓𝑇

+ dependence of 𝛿 is almost 

cancelled out except for the 
𝛼2

2
 term. The residual flip angle inhomogeneities can still be 

corrected for post-hoc analogous to Eqs. (12)-(13) using an empirical expression 

 
𝛿 =

𝛿𝑎𝑝𝑝 ∙ 0.6

1 − 0.4 ∙ (𝑓𝑇
+ 100⁄ )

. (21) 

   

utilizing the 𝑓𝑇
+-maps obtained in project 2. 

As implied by Eq. (20), maps of 𝐴 and 𝑇1 are required to calculate MTsat. Since this is done by 

the DFA-based MPM protocol established in project 3, the addition of a third MT-w spoiled 

gradient echo to estimate MTsat becomes rather natural. 

Aim of the project 

The main challenge of this project was thus to optimize this third gradient echo acquisition 

regarding ultra-high field strengths and eliminating systematic bias caused by incidental and 

unwanted saturation of either pool by either the MT saturation pulse or the read-out 

excitation. 

MT pulse shape 

The first thing that was done in this optimization process was to change the default pulse 

shape of the MT saturation pulse implemented on the scanner. The default pulse shape was a 

sinc-gaussian hybrid consisting of one main lobe and two pairs of side lobes with anti-parallel 

phase (negative or positive amplitude). It was determined that the side-lobes of this pulse 

shape made it inefficient in regards to creating as much saturation in the bound pool as 

possible in as short of a time as possible. It was therefore exchanged for a predefined sinc-

shaped pulse consisting only of a main lobe. This choice of pulse shape was deemed more 

representative of a simple gaussian pulse shape used in most of the literature. It was expected 

that the new pulse shape would have a slightly broader frequency response function than the 

older sinc-gaussian hybrid pulse, and the allowed range of frequency offsets were therefore 

expanded. These changes, along with some changes in default values for the MT pulse related 

acquisition parameters, were implemented in the custom software patch described in project 

3. Figure 19 shows the respective pulse shapes using either the old default settings or the new 

settings used for the final protocol along with a Bloch-simulation of the frequency response of 

the longitudinal magnetization. The new pulse has only a slightly broader frequency response 

function despite having a much shorter pulse length. As mentioned in project 3, the Bloch 
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simulation omits T1- and T2-relaxation and may therefore not be completely representative. It 

can be added that the old default settings utilized eight consecutive off-resonance MT pulses 

to increase the MT contrast. This is not compatible with the theory describing the MTsat 

parameter, Eq. (19), and would also increase the minimum TR drastically and thus the total 

scan time of the protocol. Concerning software patch changes, during experiments it was 

discovered in the log files that the length of the MT saturation pulse sometimes exceeded the 

4 ms defined in the acquisition protocol. This was due to a scan control parameter which 

increased the pulse length by 10 % when deposited SAR exceeded safety limits so that the 

minimum TR would not be affected. This scan control parameter was deactivated in the 

custom software patch. 

SAR limitations 

The MT-w acquisition protocol was mainly limited by SAR restrictions. 100 % of allowed 

deposited SAR was obtained with an MT pulse of 4 ms, a maximum B1
+-amplitude of 5.14 μT 

(corresponding to a flip angle of 180°) and a TR of 28 ms. This resulted in considerably 

smaller 𝛿-values compared to previous work at 3 T[28, 29]. Approximately in the range of 0-

1.5 % compared to 0-3.5 % at 3 T. This rather drastic decrease in dynamic range caused by 

the increased SAR deposition, effectively limiting the ability to discern some brain structures, 

could have consequences for the usability of MT as a modality at ultra-high field strengths. 

MT pulse offset frequency 

To discern the needed offset frequency of the MT saturation pulse to avoid direct saturation of 

the free water pool an experiment was performed where the offset frequency was varied from 

750 Hz, 1000 Hz, 1500 Hz to 2000 Hz, Figure 20. This experiment was performed rather 

early in the project, before the Bloch-simulations in Figure 19, and it was unknown to the 

author what broadness of the frequency response of the MT pulse to expect. A general 

increase of 𝜕 when decreasing the offset frequency should be expected due to the super-

Lorentzian line-shape of the semi-bound pool. However, the MT in the CSF should remain 

naught due to the lack of macro-molecular content. Further the increase in 𝜕 in GM and WM 

should be symmetrical, i.e. the distance between the histogram modes should be constant. An 

asymmetrical increase of 𝛿 in the WM mode compared to the GM mode would reflect the 

lower T2 of WM which would only be a factor if direct saturation of the free water peak had 

occurred. Since this was the case, i.e. the WM and GM modes became increasingly separated 

at lower offset frequencies starting already at 1500 Hz, an offset frequency of 2000 Hz was 

chosen for the protocol to avoid systematic bias, despite the decrease in dynamic range. At 

750 Hz, an increase in the CSF mode can also be observed. These results are incompatible 

with the Bloch-simulations in Figure 19 implying no direct saturation should occur at any of 

the chosen offset-frequencies. The reason for this is not known to the author and the 

experiment should therefor probably be repeated. 
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Figure 19. Comparison of the default sinc-gaussian hybrid pulse shape (blue) and the sinc main lobe pulse shape 
(orange). The pulse shapes are viualized using either the default settings (sinc-gaussian hybrid) or the settings 
used for the final protocol (sinc main lobe). The Sinc-gaussian hybrid have an offset-frequency of 500 Hz, a pulse 
length of 20 ms and a maximum B1

+-amplitude of 15.22 μT corresponding to a flip angle of 800°. The sinc main 
lobe have an offset-frequency of 2000 Hz, a pulse length of 4 ms and a maximum B1

+-amplitude of 5.14 μT 
corresponding to a flip angle of 180°. Top: The two pulses in the time-domain. Bottom: Bloch-simulation of the Mz-
saturation from the two respective pulses in the frequency domain. The vertical black lines represent the free-
water peak at an offset of either 500 Hz or 2000 Hz respectively. 
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Figure 20. Pseudo-color maps of MTsat at different frequency offsets of the MT pulse with accompanying whole-
brain histograms. Whole-brain histograms: Direct saturation of the free water pool at offsets below 2.00 kHz (blue, 
red, yellow) is indicated by the shift of the CSF peak from zero and by an additional shift of the GM and WM 
peaks relative to CSF as described in ref., [28]. Reducing the direct saturation bias comes at a cost of reduced 
dynamic range in the MTsat values. Based on these results, a frequency offset of 2.00 kHz was determined for the 
protocol. 

Excitation flip angle and incidental MT effects 

In another experiment, the flip angle of the excitation pulse, 𝛼𝑀𝑇,𝑒𝑥, was varied from 2° to 8° 

in increments of 2° in an attempt to maximize SNR while avoiding systematic bias due to 

incidental MT effects, Figure 22[30, 31]. Incidental MT refers to the second-order effect of 

an on-resonance RF pulse disturbing the energy equilibrium between the semi-bound and free 

water pool resulting in an unwanted energy transfer between the pools. A high-power pulse 

(high B1
+-amplitude and short pulse duration) will result in a larger fraction of saturation in 

the semi-bound pool compared to the free water pool i.e. the pulse will to some degree 

function as an MT pulse, resulting in a transfer of longitudinal magnetization from the free 

water pool to the semi-bound pool. Conversely, a low-power pulse will create a larger portion 

of saturation in the free water pool compared to the semi-bound pool thus creating an inverse 
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energy imbalance resulting in a transfer of longitudinal magnetization from the semi-bound 

pool to the free water pool. This relationship is visualized in Figure 21. The hypothesis of 

this experiment was thus that for a relatively short pulse duration (upper dotted line in Figure 

21) the incidental MT would increase at higher 𝛼𝑀𝑇,𝑒𝑥 causing a bias manifesting in 

overestimated 𝛿-values in the GM and WM histogram modes. Meanwhile, a whole-brain 

voxel-wise map of the Ernst angle, 𝛼𝐸,𝑀𝑇, based on this variable 𝛼𝑀𝑇,𝑒𝑥 data was calculated. 

From this, the median 𝛼𝐸,𝑀𝑇 was determined and based on the work by Gringel et al.[32] the 

optimal 𝛼𝑀𝑇,𝑒𝑥 in regards to SNR was calculated from the expression 

 𝛼𝑀𝑇,𝑚𝑎𝑥
2 2⁄ = 𝑇𝑅 𝑇1,𝑎𝑝𝑝 + 𝛿⁄  (22) 

 

which can be expressed in terms of 𝛼𝐸,𝑀𝑇 as 

 𝛼𝑀𝑇,𝑚𝑎𝑥 = 0.577𝛼𝐸,𝑀𝑇. (23) 

 

The median 𝛼𝑀𝑇,𝑚𝑎𝑥 was approximately 8° thus creating an optimization problem between 

incidental MT bias and SNR. Whole-brain histograms of the 𝛿-maps acquired with varying  

𝛼𝑀𝑇,𝑒𝑥 is presented in Figure 22. Results were rather inconclusive, an increasing trend of 𝛿 in 

the WM mode can be observed but the trend is broken at 𝛼𝑀𝑇,𝑒𝑥 = 8° and is also not 

reproduced in the GM mode. The erratic results may be due to the repeatability issues 

experienced at the scanner system described in project 3. A noteworthy observation is the 

broadening of the CSF mode at higher 𝛼𝑀𝑇,𝑒𝑥 representing a lower SNR in voxels containing 

CSF while the inverse is true of the WM mode. This is expected due to the differences in  

𝑇1,𝑎𝑝𝑝, i.e. low 𝛼𝐸,𝑀𝑇 in CSF and high in WM. The inconclusive results made it difficult to 

settle for a 𝛼𝑀𝑇,𝑒𝑥 but in the end 𝛼𝑀𝑇,𝑒𝑥 = 4° was chosen for yielding acceptable SNR in all 

modes and likely yielding limited incidental MT. Further, this experiment was performed 

before the software patch change allowing control of the flip angle by pulse duration. Thus, 

creating some variation in pulse duration and maximum B1
+-amplitude in between scans. 
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Figure 21. Simulation of the relationship between the power of the RF pulse and the direction and magnitude of 
transfer of longitudinal magnetization between semi-bound (simply denoted “bound” in this figure) and the free 
water pool. Exact values are only valid for a rectangular pulse shape, but the principle is universal.  
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Figure 22. Pseudo-color maps of MTsat with increasing excitation flip angle, αMT,ex, of the MT-w sequence with 
accompanying whole-brain histograms. The maps are reasonably consistent for αMT,ex≤6°. However, the 
broadening of the CSF peak in the histograms with increasing αMT,ex reflects a decrease in SNR. The low SNR of 
the αMT,ex=2° map appears as a broadening of the WM mode. To keep saturation of the free water pool smaller 
than MTsat but maintaining good SNR αMT,ex=4° was chosen for the protocol. 

 

Maximum B1
+ amplitude and incidental MT effects 

In a related experiment, the maximum B1
+-amplitude, 𝐵1,𝑚𝑎𝑥

+ , of the excitation pulses, 𝛼1, 𝛼2 

and 𝛼𝑀𝑇,𝑒𝑥 was varied between 5, 9 and 14 μT while keeping the flip angle constant, 

𝛼1, 𝛼2, 𝛼𝑀𝑇,𝑒𝑥 = 4°, 16°, 4°. 𝐵1,𝑚𝑎𝑥
+ =5 μT was limited by the TE and 𝐵1,𝑚𝑎𝑥

+ =14 μT was 

limited by SAR-restrictions. The aim was similar to the previous experiment: To study if an 

increased RF power introduced a systematic bias in 𝛿-maps due to incidental MT effects. This 

time, a clearer trend towards an increased 𝛿 seemed to be distinguishable, especially between 

9 and 14 μT. This non-linear increase in MT would be consistent with the implications of 

increasing B1
+-amplitude implied by Figure 21. Again, it is unknown how much of these 

results were affected by repeatability issues. Based on these results, it was decided that a low 
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𝐵1,𝑚𝑎𝑥
+  and long pulse duration of the excitation pulses were preferable for MTsat-mapping. 

This conclusion was later incorporated into the software patch, allowing control of flip angle 

by pulse duration, as described in project 3. 

 

Figure 23. Pseudo-color maps of T1 and MTsat with increasing peak B1
+ of the excitation pulse with accompanying 

whole-brain histograms. The T1 map was more homogeneous at low peak B1
+, as seen in the frontal and posterior 

WM. At high peak B1
+, MTsat was offset to higher values. This is reflected in the histograms, although affected by 

the spatially inhomogeneous B1
+. To minimize effects from B1+ bias and unwanted MT effects[30] a peak B1+ 

amplitude of 5 μT was chosen. 
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Results from the final protocol 

Figure 24 shows results obtained with the MPM-protocol as it stands (QSM omitted).  

 

 

Figure 24. Results from the finished MPM protocol described. PD, R2*, T1 and MTsat maps with accompanying whole-brain 

histograms. Note the contrast in the basal ganglia of the MTsat map. Peak values for CSF, GM and WM denoted by arrows in 

the histograms. Peak MTsat values: CSF=0.01 %, GM=0.47 %, WM=1.12 %. Peak T1 values: WM=1263 ms, GM=1828 ms 

which agrees well with literature[1]. Peak R2* values: GM=27.7 s-1, WM=34.7 s-1 and iron rich structures above 50 s-1. 
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A critical reflection on completed projects 

The main realization throughout the course of these projects have been the importance of 

acquiring more than the minimal amount of data. Often, several experiments were crammed 

into one scanning session attempting to answer multiple questions simultaneously. To garner 

as much information as possible from the limited scan time allotted seemed like the most 

prudent strategy at the time. As the poor reproducibility of the measured parameters became 

apparent rather late this turned out to be mistake. Instead of trying to perform different 

experiments, repeated measurements with the same parameter settings would have helped to 

alleviate the difficulties posed by the poor reproducibility when trying to answer whatever 

question a specific experiment was designed to answer. 

 Histogram analysis on a voxel-wise whole-brain basis is a powerful tool to quickly evaluate 

intensity distributions across tissues and was used extensively in the two latter projects. This 

could have been useful when evaluating results from the MP2RAGE project as well. 

Especially when looking at the reproducibility, Figure 7, it is possible that a histogram 

analysis would show a more complete picture than the ROI analysis performed. 

The MP2RAGE project resulted in a rejected ISMRM abstract and no manuscript is planned 

to be submitted at this moment (although a tentative draft was written). Although the PM-

MP2RAGE sequence have been extensively used in a variety of research projects it is difficult 

to not call these results a failure. The submitted abstract contained only qualitative image 

comparisons and no quantitative evaluation parameters such as the WM-GM contrast in 

Figure 4 for instance. An inclusion of such parameters in the abstract would perhaps increase 

the chances of an acceptance and consequently improve the prospects of an accepted 

manuscript. The decreasing WM-GM contrast in T2-w TSE acquisitions, Figure 6, also 

significantly lessened the usefulness of the general normalization approach which was 

explored to increase the scientific novelty of the project. 
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Future perspectives 

Signal instabilities 

During experiments, we have experienced issues of signal instabilities affecting the 

repeatability and reproducibility of the T1- and MTsat-maps. Maps of T2* have a high degree 

of repeatability implying that the issue lies when acquiring data from separate scans (QSM-

data should also have a high degree of repeatability, but this has of yet not been confirmed). 

As an example, Figure 25 shows whole-volume T1-histograms of an agar-filled phantom 

obtained from five separate but consecutive DFA-acquisitions. A slice of the T1-maps 

obtained from each DFA-acquisition is also displayed in consistent windowing. The first, 

fourth and fifth maps are all satisfactorily consistent. However, the second and third maps 

consist of considerably higher T1-estimates. The drive scale will vary some in-between DFA-

acquisitions (T1-w acquisition uses full preparation phases while the PD-w acquisition uses 

the same drive scale but separate receive gain optimization and noise correlation preparation 

phases) which will have a slight effect on estimates, but the reproducibility should still 

compare favorably to performing a longitudinal study on one subject for instance. This lack of 

reproducibility was unfortunately discovered late in the process of optimizing the MPM-

protocol. Much of the results obtained are likely plagued by these instability issues which may 

have adversely affected conclusions drawn and choice of parameter settings. In hindsight, a 

test of the signal repeatability should have been the very first experiment performed prior to 

setting up a protocol for quantitative analysis. 
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Figure 25. Whole-volume T1-histograms of an agar phantom scanned with the DFA-protocol five (5) consecutive times. An 

axial slice of each T1-map is also displayed with consistent windowing. The first, fourth and fifth maps all obtain consistent 

T1-estimates. The second and third estimates are considerably higher and also inconsistent relative each other. 

Thanks to Vincent Boer of DRCMR (Danish Research Centre for Magnetic Resonance) and 

Jan Ole Pedersen, clinical scientist at Philips, it was confirmed that the signal instabilities did 

not occur if scans were acquired dynamically. It was further confirmed that this instability 

issue is not specific to the particular scanner placed in Lund but universal across identical 

systems. Future work will aim to finding the source of these signal instabilities to increase the 

clinical and research-related validity of the MPM-protocol. This will possibly be done by 

implementing the MPM-protocol as a dynamic sequence. The aim is to reduce variation in T1-

estimates to 2-4 % test-retest variation. 

MPM of human brain, comparison between 1.5, 3.0 and 7.0 T 

Projects 2-4 are planned to result in three separate publications eventually. A fourth study is 

planned as an inter-site comparison of the performance of the MPM-protocol at different field 

strengths. We plan to take advantage of the proximity of three separate Philips MR systems 

with differing field strengths. The Philips Gyroscan Intera 1.5 T in Lund, the Philips Achieva 

3.0 T in Hvidovre and of course the Philips 7T Achieva in Lund used almost exclusively for 

all projects so far. The availability of an identical 7T Achieva system in Hvidovre can also be 

exploited for inter-site reproducibility study. The study will be conducted as a travelling brain 

experiment i.e. the same subject will be used on all the scanner systems. 
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Alternative T1-quantification method, “MP3RAGE” 

Another potential project that have been discussed is an alternative T1-mapping approach 

which simultaneously maps 𝑓𝑇
+. The idea is to add a third T1-w T1-FFE to the PM-

MP2RAGE protocol described in project 1. The T1-w T1-FFE will have the same high 𝛼 and 

spatial resolution as the T1-w TFE but lack the inversion pulse. 
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