1. SNR Measurements

Background 

At the most basic level, the SNR depends on the number of protons present in the voxel (proportional to Voxel Volume if we assume a constant density) and the 
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. The latter is a standard aspect of signal averaging assuming the noise is uncorrelated and distributed in a Gaussian distribution. Each acquisition in the k-space matrix is essentially averaged when the Fourier Transform produces the image. Therefore the total measurement time is the total amount of time the digitizers are actually recording k-space samples. For a readout line of 256 samples acquired with a dwell time (time per sample) of 25μs, this yields an acquisition time of 6.4ms. Sometimes acquisition time for the readout is expressed in terms of the bandwidth of frequencies present across the image (
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 equal to 40kHz for this example. On the Siemens system the BW is expressed in Hz per pixel across the image, so for the 256 matrix above, this is a 
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. The total image acquisition time is the time per line multiplied by the number of lines (# phase encode steps NPE) and the number of times each line was averaged (NAVG)

Equation 1 shows the dependence of SNR on some of the above parameters:
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For fMRI, it is the time-course SNR that is important. Functional MRI is restricted by multiple sources of variance, such as instrumental sources of error including thermal noise and shot-to-shot electronic instability, and subject dependent modulations of the MR signal associated with physiological processes. In addition to respiratory and cardiac cycle contributions, the physiological noise also consists of a noise element with BOLD-like TE dependence (Triantafyllou et al. 2005), (Krueger and Glover 2001), and spatial correlation within gray matter (Krueger and Glover 2001). The origin of this “BOLD noise” is still not fully understood, but is generally associated with hemodynamic and metabolic fluctuations in the gray matter. Since the physiological fluctuations represent a multiplicative modulation of the image signal (Krueger and Glover 2001) their amplitude scales with the MR image intensity. This is in contrast to the thermal noise sources which can be represented by the addition of a fixed amount of Gaussian noise power whose amplitude is determined primarily by the coil loading.
If the noise sources are assumed to be uncorrelated, the total noise in the image time-course (() is related to its thermal ((0) and physiological ((p) components via: 
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In our measurements, shot-to-shot scanner instabilities will contribute to both terms, (0 and (p, depending on their signal dependence. Phantom measurements, however, show that they comprise only a small fraction of the in vivo time course noise.

The time-course SNR (tSNR) is then defined as:
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where 
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 is the mean image signal intensity. Defining the SNR in an individual image as 
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 and combining with Eq. (3), we determine the relationship between tSNR and SNR0:
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where λ is a constant. 
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Experiments

In this exercise we will acquire human MRI data in order to characterize image signal and noise characteristics and the time-course signal and noise characteristics. Data will be collected on a 3T Siemens Imager.
We will examine the spatial SNR, time-course SNR and their relationship for three different image resolutions, 5x5x5mm3, 3x3x3mm3 and 1.5x1.5x1.5mm3. In all cases, images with zero RF will also be obtained to capture the thermal image noise. For comparison, time series data using the same parameters will also be acquired on a loading phantom. 
Acquisition:

1) Localizer.
2) EPI time series at low resolution 5mm x 5mm x 5mm, 9 slices, 50 time points, TR=2000ms, TE=32ms, (see protocol epi_5x5x5_signal). 
3) Same as #2 but with no RF excitation (just thermal noise) 
4) EPI time series at medium resolution 3mm x 3mm x 3mm, 9 slices, 50 time points, TR=2000ms, TE=32ms (see protocol epi_3x3x3_signal). 

5) Same as #4 but with no RF excitation (just thermal noise).
6) EPI time series at higher resolution 1.5mm x 1.5mm x 1.5mm, 9 slices, 50 time points, TR=2000ms, TE=32ms (see protocol epi_1.5x1.5x1.5_signal). 

7) Same as #6 but with no RF excitation (just thermal noise).
Note 1: Typically, thermal noise would be calculated by drawing an ROI outside the signal area in an image. However in EPI acquisition there are a lot of artifacts present. To avoid misreading the noise we thus acquire a separate image without an RF that provides a better representation of thermal noise. 

Note 2: Since the thermal noise is random we need to characterize it in terms of its mean, and standard deviation (or variance). Before we can calculate these quantities, we also need to know what kind of statistical distribution this noise belongs to. For example, the most common type of statistical distribution is the Gaussian or normal distribution but the spatial MRI noise outside of the brain has been empirically determined to follow a Rayleigh distribution. It is thus simple to compute the mean and variance of the thermal noise by first computing its variance and mean as though it were Gaussian and applying a Rayleigh correction factor to account for this difference.

Spatial SNR (SNR0)
The SNR in an individual image (SNR0) is a measure or the image quality. In our experiments we will evaluate the impact of the spatial resolution on the SNR0. In human data, ROIs will be defined in cortical gray matter. The SNR0 for a given pixel will be calculated as the mean pixel value for all the images in the time-series divided by the standard deviation of the thermal noise of the time-series acquired with no RF excitation (zero flip angle images). 

1. Load the EPI images and the Noise time-courses on the mean curve task card. 

2. Select the EPI time-course, draw an ROI within the signal area, and record the mean signal value.
3. Select the Noise time-course, draw an ROI and record the standard deviation.

4. Record your measures in Table 1 and calculate the SNR0.
5. Repeat steps 1-4 for all three spatial resolutions.

6. Repeat steps 1-4 for the phantom data at all three resolutions and record results on Table 2.

· Lab Question 1 : Draw the calculated SNR0 as a function of voxel size and comment on your findings. Describe the differences if any, between the human and phantom data.
Temporal SNR (tSNR)

Temporal SNR is defined as the image-to-image variance in the time-course and will be measured on a ROIs based analysis in the cortical gray matter. Temporal SNR in a given pixel will be determined from the mean pixel value across the 50 time points divided by its temporal standard deviation. 

1. Load the EPI time series images on the viewer. 
2. Calculate the Standard Deviation map from the EPI time series through the scanner UI. Open the Patient Browser, go to Evaluation -> Dynamic Analysis -> Standard Deviation. Press within series, test and assign a name to the new image (STD_mymap). A new series is created on your patient browser, named STD_mymap. 
3. Load the images on the mean curve task card. Select both the EPI time course and the standard deviation map and draw an ROI within the signal area.

4. Record the mean value within the ROI on the EPI images; that is your temporal mean of the signal.

5. Record the mean value within the ROI on the standard deviation map; that is your temporal noise.

6. Calculate the temporal SNR from the above quantities and note on Table 1.
7. Repeat steps 1-6 for all three spatial resolutions.
8. Repeat steps 1-6 for the phantom data at all three resolutions and record results on Table 2.

· Lab Question 2: Draw the calculated tSNR as a function of voxel size and comment on your findings. Describe the differences if any, between the human and phantom data. 

Relationship between SNR0 and tSNR
The tSNR will be analyzed as a function of SNR0 for the given set of resolutions. Use the recorded values from Tables 1 and 2 incorporating the model for tSNR from Eq. 4 (where (=0.0107).

· Lab Question 3 : Show the relationship of tSNR as a function of SNR0 when SNR0 is modulated by the voxel size. Describe the differences, if any, between the human and phantom data. What is the asymptotic limit for tSNR?
· Lab Question 4 : You are asked to perform an fMRI study of medial temporal lobe activation at a high field strength. Which acquisition parameters would you consider most important to optimize in order to achieve the best activation results? For a 3T scanner provide a suggested set of acquisition parameters.
· Lab Question 5 : Draw ROIS on various tissue types, generate the tSNR as a function of SNR0 in gray matter, white matter and CSF. Record mean signal and standard deviation of the noise. Comment on your findings.
Table 1 – Human Data
Average values for SNR measurements as a function of image resolution. SNR0 corrected for Rayleigh distribution.

	Resolution (mm3)
	Signal
	Thermal Noise
	Time-Series Noise
	Spatial 
SNR
	Temporal SNR

	1.5x1.5x1.5
	1100
	25.7
	40.0
	
	

	3x3x3
	1081.8
	8.4
	15.8
	
	

	5x5x5
	972.1
	2.3
	9.4
	
	


Table 2 – Phantom Data

Average values for SNR measurements as a function of image resolution. SNR0 corrected for Rayleigh distribution.

	Resolution (mm3)
	Signal
	Thermal Noise
	Time-Series Noise
	Spatial 

SNR
	Temporal SNR

	1.5x1.5x1.5
	3533
	17.3
	27.2
	
	

	3x3x3
	3360
	5.5
	8.9
	
	

	5x5x5
	3523
	1.7
	3.0
	
	


Table 3 – Human Data - Gray Matter
Average values for SNR measurements as a function of image resolution. SNR0 corrected for Rayleigh distribution.

	Resolution (mm3)
	Signal
	Thermal Noise
	Time-Series Noise
	Spatial 

SNR
	Temporal SNR

	5x5x5
	1083.0
	2.1
	8.0
	
	

	3x3x3
	1134.9
	7.8
	18.9
	
	

	1.5x1.5x1.5
	1224.8
	25.0
	50.9
	
	


Table 4 – Human Data - White Matter
Average values for SNR measurements as a function of image resolution. SNR0 corrected for Rayleigh distribution.

	Resolution (mm3)
	Signal
	Thermal Noise
	Time-Series Noise
	Spatial 

SNR
	Temporal SNR

	5x5x5
	839.4
	2.1
	5.2
	
	

	3x3x3
	880.2
	7.8
	13.6
	
	

	1.5x1.5x1.5
	935.8
	25.0
	42.9
	
	


Table 5 – Human Data - CSF
Average values for SNR measurements as a function of image resolution. SNR0 corrected for Rayleigh distribution.

	Resolution (mm3)
	Signal
	Thermal Noise
	Time-Series Noise
	Spatial 

SNR
	Temporal SNR

	5x5x5
	947.0
	2.1
	9.5
	
	

	3x3x3
	1178.9
	7.8
	29.7
	
	

	1.5x1.5x1.5
	1272.2
	25.0
	66.1
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