
DEGREE PROJECT, IN  , FIRST LEVELMEDICAL ENGINEERING

STOCKHOLM,  SWEDEN 2015

Extracting Cardiac and Respiratory
Self-Gating Signals from Magnetic
Resonance Imaging Data

REBECCA HELLSTRÖM AND TOBIAS PETERSON

KTH ROYAL INSTITUTE OF TECHNOLOGY

SCHOOL OF TECHNOLOGY AND HEALTH





i 
 

This project was performed in collaboration with  
 Karolinska Institutet 

Supervisors at Karolinska Institutet: Karen Holst and Andreas Sigfridsson 

 

 
 

 

Extracting Cardiac and Respiratory Self-Gating Signals 
from Magnetic Resonance Imaging Data 

 

Extrahering av Self-Gating signaler för hjärt- och 
respirationsrytm från magnetisk resonanstomografi-data 

 

R E B E C C A  H E L L S T R Ö M  

T O B I A S  P E T E R S O N  
 
 
 

Degree project in medical engineering 
First level, 15 hp 

Supervisor at KTH: Anna Bjällmark 
Examiner: Lars-Gösta Hellström 

 
 

School of Technology and Health 
 

KTH Royal Institute of Technology 
 

SE-141 86 Flemingsberg, Sweden 
http://www.kth.se/sth 

 
2015





 

iii 
 

ABSTRACT  
Motion artefacts due to cardiac and respiratory motion present a daily challenge in cardiac Magnetic 

Resonance Imaging (MRI), and many different motion correction procedures are used in clinical routine 

imaging. To reduce motion artefacts further, patients are required to hold their breath during parts of 

the data acquisition, which is physically straining – especially when done repetitively. Self-Gating (SG) is 

a method that extracts cardiac and respiratory motion information from the MRI data in the form of 

signals, called SG signals, and uses them to divide the data into the specific cardiac and respiratory 

phases it was acquired from. This method both avoids motion artefacts and allow for free-breathing 

acquisition. 

This project’s goal was to find a method for extracting cardiac and respiratory SG signals from MRI data. 

The data was acquired with a golden angle radial acquisition method for 3-dimensional (3D) scans. 

Extraction of the raw signal was tested for both raw k-space data and high temporal resolution image 

series, where the images were reconstructed using a sliding window reconstruction. Filters were then 

applied to isolate the cardiac and respiratory information, to create separate cardiac and respiratory SG 

signals. Thereafter trigger points marking the beginning of the cardiac and respiratory cycles were 

generated. The trigger points were compared against ECG and respiratory trigger points provided by the 

MR scanner. The conclusion was that the SG signals based on k-space data was functional on the scans 

from the evaluated subjects and the most effective choice of the two options, but image based SG signals 

may prove to be functional after further studies. 
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SAMMANFATTNING 
Rörelseartefakter på grund av hjärt- och respirationsrörelser är idag vardagliga utmaningar inom 

magnetresonanstomografi (MR) av hjärtat, och många olika metoder används för att eliminera 

rörelseartefakterna. Patienterna behöver dessutom hålla andan under delar av dataupptagningen, vilket 

är fysiskt ansträngande – speciellt när det sker upprepade gånger. Self-Gating (SG) är en metod som 

extraherar information hjärt- och respirationsrytm från MR-datan i form av signaler, kallade SG signaler, 

och använder dem för att dela in datan i de specifika hjärt- respektive respirationsfaser som var när 

datan upptogs. Denna metod både undviker rörelseartefakter och tillåter fri andning under 

dataupptagningen. 

Målet med det här projektet var att hitta en metod för att extrahera SG signaler för hjärt- och 

respirationsrytm från MR-data. Datan samlades in med en golden angle radial-upptagning för 3-

dimensionella (3D) scanningar. Extraheringen av den råa signalen testades på både rå k-space data och 

på bildserier av 3D-bilder med hög tidsupplösning, där bilderna var rekonstruerade med en sliding 

window rekonstruktion. Därefter applicerades filter för att isolera hjärt- och respirationsinformationen, 

för att få separata SG signaler med endast hjärt- respektive respirationsrytmer. Till slut genererades 

triggerpunkter för att markera början av hjärt- respektive respirationscyklerna. Dessa jämfördes med 

triggerpunkter uppmätta med EKG och andningskudde i magnetkameran. Slutsatsen för projektet var 

att SG signalerna som baserades på k-space data var funktionell för de scanningar som testades och det 

mest effektiva alternativet, men SG signalerna som baserades på bilder kan visa sig fungera efter mer 

studier. 
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ABBREVIATIONS  
3D -  3-dimensional 

BMI -  Body Mass Index 

BPM -  Beats Per Minute 

bSSFP -  Balanced Steady-State Free-Precession, an acquisition method in MRI. 

ECG -  Electrocardiography: a way to detect the electrical impulses that stimulates the 

hearts muscles  

FOV -  Field of View, the range of the area depicted in the MR image (measured in cm). 

MR -  Magnetic Resonance 

MRI -  Magnetic Resonance Imaging: utilizing MR to produce an image of the body, e.g. 

for diagnostic purposes. 

RF -  Radio frequent 

SG -  Self-Gating (see section 1) 

TE -  Echo time, a parameter in the MR scan sequence. Refers to the time from the start 

of the radio-frequent pulse to the time at data reading (k-space line). 

TR -  Repetition time, a parameter in the MR scan sequence. Refers to the time between 

each k-space line reading. 
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1 INTRODUCTION 
Magnetic Resonance Imaging (MRI) is a slow imaging technique. Therefore, cardiac and respiratory 

motion causes artefacts unless they are accounted for [1]. Cardiac MRI is used to investigate the anatomy 

and physiology of the heart and the surrounding vessels [2]. The anatomy and physiology can be studied 

by using still images and cine images (movies of a heartbeat). Cine images are created by dividing the 

heart cycle into typically 20 parts and then reconstruct one image for each part. This series of images is 

then displayed as a movie [3]. 

Motion due to breathing and heartbeats cause artefacts in the image and reduce the reliability of a 

diagnosis. To avoid respiratory motion artefacts in MR images patients are instructed to hold their 

breath while data is acquired, which limits the time span of data acquisition to 10-15 seconds during each 

breath hold [4]. Breath holds are challenging for the patients since it is physically straining, and if the 

breath is held at different positions, data from multiple breath holds will not be aligned properly. Often 

the patients are not able to perform stable breath holds and images become blurry if they start breathing 

during the acquisition.   

The constant motion of the heart is also difficult to deal with. In clinical cardiac MRI motion artefacts 

are avoided by using externally measured electrocardiography (ECG) signals for triggering the data 

acquisition at specific cardiac phases, also called prospective triggering. However, the prospective 

triggering cannot cope with changes in heart rate, e.g. in patients with arrhythmia, and data will then be 

acquired at different phases of the cardiac cycle than intended, thus creating motion artefacts in the 

images. Furthermore, ECG measured while the patient is in the scanner poses a challenge due to fast 

changing magnetic fields that induce currents in the ECG leads resulting in poor signal quality even for 

normal heart rates. 

Self-Gating (SG) is a method to avoid motion artefacts due to cardiac and respiratory cycles in MRI. SG 

signals for the respective cycles are acquired from the MRI data itself and used to guide image 

reconstruction with all data acquired from the chosen phase in the respective cycles. The SG signals can 

therefore be used for gating to create cine images or still images of a specific phase [5]. 

3D SG has been performed on Coronary Magnetic Resonance Angiography by Pang, et al [4]. Their 

research showed promising results and they arrived at the conclusion that SG is a potential method of 

producing images valid for evaluating cardiac function and anatomy.  

The goal of this project was to find a method to extract cardiac and respiratory self-gating (SG) signals 

and trigger points from a 3-dimensional (3D) magnetic resonance (MR) scan of the heart region. This 

was done by using MRI data from k-space data directly and from images created with sliding window 

reconstruction. Filtering, to gain the SG signals, and finding trigger points was only done on the 

extractions from k-space data. 
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2  BACKGROUND  

2.1   MR PHYSICS  
The MR scanner applies a large magnetic field, B0, on the patient in z-direction. This causes the hydrogen 

atoms in the body to create a small net magnetization vector parallel with B0. A Radio frequent (RF) pulse is 

applied perpendicular to B0 which rotates the net magnetization vector. The flip angle is dependent on the 

duration and amplitude of the RF pulse. The net magnetization vector precesses around the main magnetic 

field, and the precession of this vector in the x-y-plane induces a current in the receiver coils. The receiver 

coils are located close to the chest and back of the subject and together they cover the whole torso. The 

current's frequency and amplitude are measured and the data is collected in k-space [6]. The data is 

gathered in a grid, k-space, defined by spatial frequency in x- and y-directions. Each point of k-space has 

information from the whole FOV, the k-space centre and edges correspond to low and high spatial 

frequencies respectively [7]. This means that the centre-most samples (data points) represent slow changes 

within the body, e.g. general contrast and large structures. This project uses a type of radial sampling of the 

k-space data instead of the more common Cartesian sampling. The sampling used is Golden Angle Radial 

Acquisition, which is a method of data acquisition where each spoke goes through the centre of k-space. A 

spoke is a line of data in k-space and it corresponds to one read-out during an MR scan using radial 

acquisition techniques. The angle between two consecutive spokes is chosen to be the golden angle based 

on the golden ratio. In 2D, the golden angle is approximately 111 degrees. Figure 1 shows this for 2D 

acquisition, in 3D two golden ratios are used in similar way to determine each spoke angle. The purpose is 

to evenly fill out k-space with as few spokes as possible [8, 9]. Images are reconstructed from k-space by 

Fourier transformation: either 2D- or 3D Fourier transform is used, depending on whether the acquisition 

was done in 2D or 3D. 

 

Figure 1: Conceptual image of Golden Angle Radial acquisition. By using the golden angle (111 degrees approx.) to determine 

the placement of the next spoke (depicted as arrows) maximized coverage is assured. 

By using a radial acquisition technique, like the one mentioned above, low spatial resolution images can be 

reconstructed using a small number of spokes [8]. 

2.2 FILTERS 
All signals can be interpreted as sine functions of different frequencies, phases, and intensities. Filters can 

be used to remove unwanted frequencies. The types of filters used in this project are band pass filters. Band 

pass filters reduce the intensity all frequencies outside the chosen interval. Filters can be designed in the 

frequency domain and applied to a signal by Fourier-transforming the signal and multiplying the signal with 

the filter [10]. The filtered signal is then obtained by using an inverse Fourier transform.  
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3   MATERIALS AND METHODS 
The method chosen for this project was developed through discussion with the research group, and was 

based on experience from a not yet published research by a PhD student in the research group. 

3.1  DATA ACQUISITION 
For this project, the scan subjects were 4 human volunteers, A, B, C, and D, see Table 1. All subjects were 

scanned with a 1.5 T MRI scanner (Magnetom Aera, Siemens Healthcare, Erlangen, Germany) using a 

balanced Steady-State Free-Precession (bSSFP) sequence with a 3D radial golden angle acquisition. The 

number of scans varied between 6 and 25 scans per subject, and repetition time (TR) varied between 2.44 ms 

and 2.61 ms. Due to the nature of bSSFP, the echo time (TE) was TR/2 [11]. For subject A’s scans, the scan 

sequence contained pauses in the acquisition. The pauses were 0.4065 s long, and data was acquired for 

1.1025 s between every pause. The subjects were placed in supine position on a spine coil and RF-coils were 

placed on their chest. Combined they contain 34 receiver coils. The scans were performed with 34 receiver 

coils for subject B and 30 for the others. When using SG signals to reconstruct images of a certain phase, 

very few spokes per physiological cycle can be used to reconstruct that phase. Therefore, the scan durations 

were between approximately 2.5 – 5 minutes/scan, to make sure enough spokes could be obtained to 

reconstruct all phases properly. ECG and respiratory motion from bellows were recorded simultaneously to 

enable comparison with and validation of the SG signals. 

Table 1: Information about the scanned subjects. During the project, the scans from subjects A and B were only used for the 

image based technique, which requires a lot of time per scan, and therefore only 1 scan from each subject was used. The 

scans from subjects C and D were only used for the k-space based technique, and therefore all their scans were used. 

SUBJECT AGE SEX HEALTH 

CONDITIONS 

BMI NUMBER 

OF SCANS 

USED 

TR TE  DATA TYPE USED 

FOR SIGNAL 

EXTRACTION 

A 23 Female None 28.4 11 2.45 

ms 

1.225 

ms 

Image reconstructed 

data 

B 23 Male None 18.1 12 2.44 

ms 

1.220 

ms 

Image reconstructed 

data 

C 24 Female None 19.8 25 2.61 

ms 

1.305 

ms 

K-space data 

D 33 Male None 21.5 8 2.61 

ms 

1.305 

ms 

K-space data 

 

All scans and preparatory data processing for extracting the signals used for SG signal extraction (image 

reconstructions, extraction of k-space spoke centre points, and extraction of ECG signals and respiratory 

bellows signals and their trigger points) were performed by a PhD student in the research group, and further 

work on that received data was performed in this project. All data processing, preparatory and within this 

                                                           
1 8 scans collected in total 
2 6 scans collected in total 
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project, was done using MATLAB Release 2014b (The MathWorks, Inc., Natick, Massachusetts, United 

States). 

3.2  EXTRACTION OF RAW SIGNALS 
For the extraction of the raw signals from the MR data, two different approaches were investigated: to use k-

space data directly and to use series of 3D image volumes with high temporal resolution and low spatial 

resolution obtained by sliding window reconstruction. 

3.2.1 K-SPACE BASED SIGNALS 
The k-space based SG signal extraction was performed on scans from subject C and D. The k-space data 

were received as the centre points of each spoke (which is also the centre of k-space) in 𝑁𝑐ℎ𝑎 𝑥 𝑁𝑠𝑝𝑜𝑘 

matrices, see Figure 2, where 𝑁𝑐ℎ𝑎 is the number of receiver coils (also known as coil channels) and 𝑁𝑠𝑝𝑜𝑘 

is the total number of spokes acquired.  

 

Figure 2: Schematic of the k-space data format. 𝑵𝒄𝒉𝒂 is the number of receiver coils used for the scan and 𝑵𝒔𝒑𝒐𝒌 is the 

number of spokes acquired during the scan. Each dot represents the k-space centre for coil 𝑵𝒄𝒉𝒂’s spoke number 𝑵𝒔𝒑𝒐𝒌. 

The k-space based SG signal was constructed by using one column vector (a column vector contains the k-

space centre points for the respective spoke on all receiver coils) as a reference vector and, for all column 

vectors, taking the scalar product3 of the reference vector and the column vector. The scalar product 

represented the relative signal intensity and served as a measure of how well the individual column vector 

corresponded to the reference vector. If the column vector corresponded well, the spoke was acquired in a 

similar cardiac phase/respiratory phase combination as the spoke of the reference coil-vector. Two different 

reference vectors were tested: one from the first scan and one from a scan in the middle (e.g. scan 4 out of 

8). The reference vector was always chosen as a spoke in the middle of the chosen scan. For each scan, the 

first 500 spokes were discarded due to different signal properties than the rest of the scan (see explanation 

in section 5.3). The separate signals from a subject's scans were then assembled into one long signal and 

plotted versus time, where the time axis was constructed with the help of time stamps for each spoke 

acquisition.  

  

                                                           
3 Note that the MATLAB function dot (for calculating the dot product) was not used. The calculation was 

made by computing the generalization that scalar products of complex vectors 𝒂 ∗ 𝒃 =  ∑ 𝑎𝑖 �̅�𝑖, where �̅� is 
the complex conjugate of 𝒃. 
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3.2.2 IMAGE BASED SIGNALS 
The image based SG signal extractions were performed on scans from subject A and B. For the image based 

SG signals, the 3d image volumes used were reconstructed using a sliding window reconstruction, depicted 

schematically in Figure 3. Each image uses the same number of spokes for their reconstruction, defined by 

their window size, and for each image this window is moved by a number of spokes, denoted sliding length 

[12, 13]. By keeping the window size small (100-1000 spokes compared to 30000+ for high resolution image 

reconstructions) and the sliding length to a fraction of the window size, the already small windows 

overlapped, meaning that a spatial change can be seen at a temporal resolution defined by the sliding length 

(approx. 20 - 40 ms). This high temporal resolution is imperative for allowing the SG signals to follow the 

fast changes that are present in the cardiac motions. The samples per spoke used for reconstruction were 

limited to those around the centre of k-space, in order to avoid streaking artefacts from radial 

reconstruction of few spokes, and so that the reconstruction time was reduced while the relevant 

information about cardiac and respiratory motions remained (see chapter 2.1   MR physics). 

 

Figure 3: Schematic of a sliding window reconstruction. Each window represents the number of spokes (window size) used 

for the image reconstruction. The sliding length defines the number of spokes between the first spokes of two consecutive 

images.  Typically, the sliding length is smaller than the window size, allowing to follow changes between the images.

The data was received in the form of 4D matrices containing the 3D images and the number of the first 

spoke used in their reconstruction (to serve as a time stamp for the image). Several different image 

sequences, using the different sliding window reconstruction parameters in Table 2, were tested for signal 

extraction. The window size affects the temporal footprint of each image, and was thus investigated to see 

how it affects SG extraction. The SG signal was acquired by taking the sum of the intensity in each image 

and plot it versus time with the help of the time stamps. 
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Table 2: The different combinations of sliding window reconstructions used for the image sequences received for SG signal 

extraction. Each row represent one setting tested. Sliding length and Window size are represented both in number of 

spokes and in time, which is the number of spokes multiplied by the scan’s TR (equal to 2.44 ms for these scans). Samples 

defines the number of data points used from each spoke, centred over the spokes centre (k-space centre). 

SLIDING LENGTH 
[NO. OF SPOKES] 

SLIDING 
LENGTH [MS] 

WINDOW SIZE 
[NO. OF SPOKES] 

WINDOW 
SIZE [MS] 

SAMPLE WIDTH 
[NO. OF DATA 
POINTS] 

10 24,4 600 1464 50 

10 24,4 800 1952 10 

20 48,8 100 244 30 

20 48,8 500 1220 50 

20 48,8 600 1464 10 

20 48,8 600 1464 20 

20 48,8 600 1464 50 

20 48,8 1000 2440 20 

3.3  SIGNAL FILTERING 
Filtering, to get the SG signals, was only performed on the k-space based extractions (raw signal) - the image 

based extractions were discarded and therefore not used beyond this point. The raw signal contained 

information from the large structures in the subject. When looking for the SG signals, everything except 

information about the heart and respiration cycles was considered as noise. To acquire the SG signals, i.e. 

the cardiac and respiratory signals, a filter was applied to the raw signal in the frequency domain.  The filter 

was created with the purpose to discard all frequencies in the spectrum except for the region of interest, the 

intervals where either their respiratory rate (Figure 4) or heart rate (Figure 5) was present. The filter was 

created by placing two Tukey windows over the region of interest, while keeping the rest of the filter at zero. 

The placement of the Tukey windows was adjusted manually for each subject, to fit their heart and 

respiratory rate respectively. The cosine part of the filter was ¼ of the filter width, α = 0.5, the rectangular 

part was 3/4 of the filter width. The filter width was adjusted for each subject.  
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Figure 4: Image displaying the filtering done in frequency domain to extract the respiratory SG signal. The yellow line 

represent two Tukey windows that are adjusted to fit the respiratory peaks in frequency domain. 

 

Figure 5: Image displaying the filtering done in frequency domain to extract the cardiac SG signal. The yellow line represent 

two Tukey windows that are adjusted to fit the cardiac peaks in frequency domain. 

 

3.4  FINDING TRIGGER POINTS 
To be able to use the k-space based SG signals properly, trigger points are needed to initiate where a cycle 

begins, e.g. by marking the beginning of a breath for the respiratory cycle. The k-space based signal used for 

finding the trigger points was acquired by restricting the filter to the positive side of the frequency 

spectrum, and then applying it to the raw signal. 

 The positions of the trigger points were chosen to be when the angle of this signal jumps from π to - π. 

These points were found by locating where the difference between two consecutive points was smaller than 

-4. This method was used to find both cardiac and respiratory SG trigger points. 

3.5  VALIDATION OF SG SIGNALS AND TRIGGER POINTS 
The trigger points extracted from the cardiac k-space based SG-signal were validated by investigating the 

deviation between SG trigger points and ECG trigger points, normalized by the R-to-R peak interval (on the 

ECG). This was done by calculating the time difference between a SG trigger point and the correlating ECG 

trigger point, and dividing that time by the cycle duration. For this validation the cycle duration 
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corresponds to the time between the current trigger point and the next trigger point of the same type, SG or 

ECG, and taking the mean value of the ECG and SG cycle duration. This is expressed mathematically as:  

 

∆𝒕

(∆𝑬𝑪𝑮 + ∆𝑺𝑮) 𝟐⁄
 

Equation 1 

To correlate the time of the SG trigger points with the ECG trigger points, timestamps from the MR scanner 

for each scan were used. The timestamps were not completely accurate, they were shifted by different 

amounts for each scan. For each scan the start and then end was shifted by slightly different amount, the 

correction shifted each scan by the mean of the error in the start and the end of each scan. The correction of 

the timestamps was performed manually by the PhD student in the group.  

The automatically created trigger points from the respiration bellows were unreliable, more than 1 trigger 

point per cycle were sometimes occurring, and could therefore not be used for validation. Due to the 

mentioned reason and the limited time span of this project no statistical validation for the respiratory SG 

triggers was performed. See discussion for a validation that would have been performed otherwise. The 

validation was only performed on the SG signals from subject D. 

The SG signals and triggers from subject D were given to the PhD student in the group. Spokes to create an 

image were extracted from the SG signals and plotted together with the ECG and signal from the respiration 

bellow. The spokes were extracted from when the respiration had proceeded for 20-70% of a cycle and the 

heart was within 72-76% of a cycle, which correlates to the systole of the heart and end-expiration of the 

lungs. A cycle starts at a SG trigger point and ends at the next SG trigger point. This was done by the PhD 

student. 
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4  RESULTS 

4.1   SIGNAL ACQUISITION 
For both the k-space based and image based methods, the data could be processed to signals containing 

peaks in their frequency. In the image cases (subject A and B) the peaks were small and difficult to discern, 

with the exception of distinct peaks at +/- 0.9 Hz for subject A, see Figure 6. In the k-space cases (subjects C 

and D), the raw signals showed two distinct periodic patterns that can be observed both in the frequency 

domain (see Figure 7) and the time domain. For graphs displaying examples of the raw signal in the time 

domain, see Figure 11 (Appendix: Complementary Graphs).  

 

 Figure 6: Plots of the raw signal in the frequency domain for subject A and B respectively. 

 

Figure 7: Plots of the raw signal in the frequency domain for subject C and D respectively. 

 

4.2   FILTERED SIGNALS AND TRIGGER POINTS 
After applying filters to separate cardiac and respiratory information, respectively, the cardiac and 

respiratory SG signals became apparent. The extracted trigger points were located close to the valleys of the 

SG signals. An example is displayed in Figure 8.  
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Figure 8: Image showing the cardiac and respiratory SG signals with their trigger points respectively. 

 

4.3   VALIDATION 
The comparison of mean heart rate for each scan, as measured from ECG triggers and SG triggers, is shown 

in Figure 9. The difference between mean heart rate for the ECG and SG, measured in beats per minute 

(BPM), was between 0.0171 BPM and 0.2710 BPM depending on the scan, with a standard deviation of 0.1350 

BPM.  

 

Figure 9: Image showing average number of ECG triggers and SG triggers per minute in each of the 8 scans for subject D. 

One trigger corresponds to one heart cycle and therefore the image displays the average number of heartbeats in each scan 

measured by the ECG 

The SG triggers were leading the ECG triggers with a varying fraction of the heart cycle, mean of the cycle 

duration for ECG and SG for all 8 scans on subject D, see Figure 10 and Equation 1. 

The PhD student compared the spokes extracted via the SG signals to the signal from the respiration bellow 

and ECG. All spokes were located in the end diastole and between the end expiration and the start of the 

inhalation, see Figure 12 (Appendix).  
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Figure 10: Image displaying how large deviation there is between a SG trigger point and an ECG trigger point normalized for 

RR interval, i.e. the time between a SG trigger point for the cardiac cycle and the associated ECG trigger divided by the 

duration of the heart cycle. Pauses between the scans are magnified in the image. 
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5   DISCUSSION 
Drafting volunteers for the scans needed was difficult within this project’s limited time span. Even though 

MRI is non-invasive and involve no ionizing radiation, the imaging process (especially for this project) is 

very long. Therefore, data was received from only 4 volunteers. 

5.1 PROBLEMS WITH ACQUISITION PAUSES 
The peaks in the frequency domain for the k-space based raw signal, shown in Figure 7, were located in a 

range where the expected cardiac and respiratory frequencies for the subjects were. Therefore, the peaks 

were presumed to contain information of cardiac and respiratory motion. 

A possible explanation for the distinct peaks at 0.9 Hz for subject A, mentioned in the results, is that they 

occur due to the pauses in the data acquisition. When plotting the signal, the pauses are not displayed but 

they occur every 450 spoke. In time that is 450*TR = 1.1025s. 1/ 1.1025 = 0.907Hz. To further strengthen this 

explanation it can be noted that the scan on all other subjects were performed without pauses and their 

frequency spectrums did not contain these peaks.  

5.2 FILTER REQUIREMENTS 
When designing the filters, seen in Figure 4 and Figure 5, to extract SG signals a steep slope was desired, to 

reject all but the cardiac or respiratory frequencies as efficiently as possible. However, because 

multiplication in the frequency domain corresponds to convolution in the time domain [14], a rectangular 

filter would cause the signal’s instantaneous value to be largely dependent on earlier events. By using Tukey 

windows, which is a rectangular window convolved with a cosine lobe [15], in the filters, a steep cosine curve 

is obtained, reducing the convolution effect but keeping most of the beneficial effects of a rectangular filter. 

The filters were adjusted manually to fit the cardiac and respiratory frequency intervals for each subject. 

This was simple for the subjects within this study, but for patients with e.g. high respiratory frequencies and 

low cardiac frequencies the intervals could overlap, complicating the method’s clinical use. 

5.3 IMAGE BASED SG SIGNALS DISCARDED 
The image based method was discarded when the quality of the raw signals from k-space were determined 

to contain more information about the heart- and respiratory movement than for image based raw signals. 

There were 3 reasons for this. The first and most important reason, the frequency spectrums, Figure 6 and 

Figure 7, showed peaks within the expected cardiac- and respiratory frequencies for k-space raw signals but 

not for image based raw signals. Second, the temporal resolution is better for k-space than for sliding 

window reconstruction. The sampling time was 20 times greater for sliding window reconstruction 

compared to k-space. The sampling time was TR (between 2.4ms and 2.61ms) for k-space based, it can be 

compared to TR*sliding length for image based, which was 20 times TR for subject A and B. In addition, the 

sliding window length further determines the temporal footprint of the image based data. The sampling 

time was taken into consideration since it could possibly improve the tracking of motion changes. Third, the 

reconstruction time for the sliding window reconstruction was approximately 10 hours and was therefore 

another factor contributing to the choice of changing to k-space based SG only. The comparison between 

the methods was based on results from different patients. Therefore the determined quality differences 

could be due to the subjects and not the methods and cannot be completely trusted. 
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5.4 FIRST 500 POINTS DISCARDED 
When plotting the raw signal over time, the signal, for all subjects, had significantly larger values at the start 

of each scan. This peak decayed over the first 100-500 elements. This also showed effect in the frequency 

spectrum of the signal. A possible explanation to these peaks was that the bSSFP-readout had not reached 

steady state when the data acquisition started. The effects on the SG-signal of these peaks were not 

determined, instead the first 500 points of each scan were removed. This was done to remove possible 

negative effects on the quality and reliability of the signal. The drawback of this is that 500 data points of 

information is lost, for comparison, it is about 1/12 of all information. This results either in less data for later 

reconstructions or longer scan times. 

5.5 TRIGGER POINTS CHOICES 
The choice of signal to base the trigger points on is related to how the SG signal phase can be interpreted. By 

suppressing all negative frequencies of the original SG filter, in fact a quadrature filter was applied, which in 

turn gives us the analytic signal of the SG signal after transformation back to the time domain [14]. The 

argument of an analytic signal gives information about the phase behavior of its original signal, e.g. whether 

the signal is at a local maxima or minima at a certain point. Therefore, by looking at the angle of the analytic 

signal, the phase of the SG signal could be followed and the trigger points were able to represent a specific 

phase of the SG signal, as desired. 

The value chosen as the required difference, -4 between two consecutive points, needed for a trigger point 

to be created was based on avoiding false triggers. Respiratory movement can have variations within the 

inhalations and exhalations, e.g. a very deep inhalation can be followed by “step-wise” exhalations. This 

movement affects the respiratory SG signals, causing the angle function to get a local maximum that doesn’t 

correlate to a new breath. These local maximums are continuous, and therefore, they don’t contain jumps. A 

jump indicates the angle passing the boundary between π and - π, which only occurs once each respiratory 

cycle. The jump was defined as the beginning of a new respiratory cycle. By setting the difference between 

two consecutive points to -4, the triggers would therefore only be generated at these jump locations.  

The trigger points, as seen in Figure 8Figure 8, seemed to be consistently generated at the same phase of 

each cycle for both cardiac and respiratory SG signals, even though there were large variations in the latter. 

At a handful of instances, a trigger would appear in the middle of a respiratory cycle, but these instances 

were rare and at very large variations within said cycle. By comparing the trigger point to the signal from the 

respiration bellows and respiratory SG signal at these instances, it could be discerned that the trigger point 

was within a breath with large variations from both signals. Therefore, these mid-breath triggers should be 

able to be accounted for by following the respiratory SG signal. 

5.6 STATISTICAL VALIDATION 
The validation, performed only on subject D, shows that the mean heart rate from the SG triggers for each 

scan correlates well with the ECG triggers but that SG triggers drift throughout the scans compared to the 

ECG triggers, from about 0.7 cycles to 0.35 cycles (see Figure 10). The reason for this has not been 

determined. One explanation for it could be that the correction of the timestamps from the MR scanner was 

done with the mean value of the error in the start and end. Therefore, some error might still be occurring 

due to the timestamps. In Figure 12 (Appendix: Complementary Graphs) all the spokes marked for image 

reconstruction are in the systole (QRS-complex) when compared to the ECG which indicates that the SG 

signals and triggers are accurate. Therefore, an image reconstructed with the marked spokes should not 

contain a large amount motion artefacts from cardiac and respiratory movement. 
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The respiratory SG signals are only validated together with the cardiac SG signal in Figure 12 (Appendix: 

Complementary Graphs). Further validation of the respiratory SG signal would have been done using the 

same procedure as for the cardiac signal but a way of creating reliable triggers from the respiration bellow 

would have had to be created in order to perform it. 
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6   CONCLUSIONS 
The developed method to extract SG signals from k-space data showed promising results and worked for 

subject C and D. With further development to make the method more robust and independent, e.g. by 

creating a way of adjusting the filter, through a user interface or automatically, this method could provide a 

way of performing cardiac MRI scan with free breathing and reduced motion artefacts in clinics.  

Image based extraction of SG-signal using the developed method appears to be insufficient for further use. 

However, only two subjects were tested and the study of image based extraction was not completed before it 

was discarded. Therefore, image based extraction of SG signals might be applicable even though this study 

indicated otherwise.  
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7   RECOMMENDATIONS 
Future studies should aim to make the method more robust, and study if other possible window functions 

for the filter constructions could extract more accurate cardiac and respiratory information for the SG 

signals. 
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APPENDIX: COMPLEMENTARY GRAPHS 
 

 

 

 

 

Figure 11: Raw signals from scan data of subject B and D respectively. 
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Figure 12: Image displaying ECG, signal from the respiration bellow, and spokes extracted using SG signals for subject D.  

The y-axis displays arbitrary intensity. The black dots represent extracted spokes, around 10, meeting the criteria noted in 

the image title. 
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