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Scott B. Reeder

4.1 
Introduction

The signal-to-noise ratio (SNR) of an image is a fun-
damental quantitative measure of MR image quality 
and system performance, and has enormous impact 
on the diagnostic quality of clinical studies. The 
SNR measurements provide a direct means for com-
parison of signal levels between different imaging 
method, patients, reconstruction methods, coils, and 
even different scanner systems. It is one of the essen-
tial measures of system performance and is used rou-
tinely in quality assurance protocols that monitor 
scanner performance (Price et al. 1990).

The advent of parallel imaging with the develop-
ment of SMASH (Sodickson and Manning 1997) 
and SENSE (Pruessmann et al. 1999), as well as other 
parallel imaging methods (Griswold et al. 2000, 
2002; McKenzie et al. 2002; Kellman et al. 2001; cf. 
Chap. 2), has had tremendous impact on modern clini-
cal scanning protocols. Parallel acceleration methods 
are commonly used to reduce acquisition time, with 
the trade-off that SNR of the resulting images will be 
reduced. For this reason, the ability to make accurate 
SNR measurements to measure the performance of 
parallel imaging applications is even more essential.

Unfortunately, routine methods commonly used to 
measure SNR with single coil imaging applications are 
no longer valid when using parallel imaging methods. 
Noise becomes distributed unevenly across the image 
(as discussed in Chap. 3) and application of routine 
measurement methods can lead to highly erroneous 
SNR measurements. Great caution must be used when 
measuring SNR with parallel-imaging applications.

In this chapter we review correct methods for the 
measurement of SNR in conventional single coil images, 
and review the underlying assumptions that are made. 
The concept of local noise amplifi cation, characterized 
by the geometry, or “g-factor” is then discussed, and 
reasons why the application of conventional methods 
for SNR measurement will fail when applied to images 
acquired with parallel imaging. Finally, three methods 
for SNR measurement that are compatible with paral-
lel-imaging applications are discussed.

4.2 
SNR Measurement in MR Images

The signal-to-noise ratio, is exactly what the name 
implies, the signal in an image at a specifi c location, 
divided by the noise at that same location. “Signal” is 
commonly measured as the average signal in a small 
region of interest. “Noise” is typically quantifi ed as the 
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root mean square (RMS) amplitude of the white noise 
that is superimposed on the signal. For MR systems, it 
has been shown that the noise has a Gaussian distribu-
tion with zero mean (McVeigh et al. 1985). Conven-
iently, the RMS amplitude of a Gaussian distribution 
equals its standard deviation, such that SNR of a com-
plex image is measured as the ratio of the average signal 
(S) to the standard deviation of the noise ( ), i.e.,

σ
SSNR

 
(1)

After Fourier transformation into the spatial 
domain, noise is evenly distributed throughout the 
image. For this reason, SNR can be measured for 
single-coil acquisitions as the quotient of the average 
signal in a region of interest (ROI) within the object, 
and the standard deviation of the noise in a ROI out-
side the object, free from signal or artefact (i.e., “air”), 
as diagrammed in Fig. 4.1.

Most clinical MR images are presented as magni-
tude images, rather than complex images, and this 
greatly alters the behavior of the background noise, as 
shown in Fig. 4.2. After the magnitude operation, the 
noise distribution is skewed and no longer has a zero 

mean. In addition, the apparent standard deviation of 
the noise is lower than the true standard deviation, by 
a factor of 0.655, as described by Henkelman 1985).

The noise in the magnitude image follows the 
statistics of a Rayleigh distribution (Edelstein et 
al. 1984), and measuring the standard deviation of 
the background noise from a magnitude image will 
overestimate SNR by approximately 53% (=1/0.655). 
In addition, as can be seen by the profi le shown in 
Fig. 4.3, taking the magnitude of a complex image 
changes neither the signal nor the noise in object 
if the SNR is suffi ciently high ( 5), even though the 
noise in the background region has been signifi cantly 
altered, as was shown in Fig. 4.2; therefore, measure-
ment of SNR from magnitude images acquired with 
single-coil acquisitions can be determined from 
the ratio of the average signal (S) in a “signal” ROI, 
and the apparent standard deviation ( app) within a 
“noise” ROI outside the object, and the appropriate 
correction factor, i.e.,

app
MAG 655.0SNR

σ
S

 
(2)

For multi-coil applications without parallel accel-
erations, images can be recombined in several dif-
ferent ways, although the “square root of sum of 
squares” method proposed by Roemer (et al. 1990) 
is a commonly used approach. Measurement of SNR 
from multi-coil images reconstructed using this 
approach can made in a similar manner as single coil 
acquisitions, except the correction factor changes 
slightly. For four or more coils, the correction factor 
is approximately 0.70 (Constantinides et al. 1997).

4.3 
SNR and Parallel Imaging

The use of parallel imaging will degrade the SNR 
performance of the reconstructed image through two 
mechanisms (see also Chap. 3). First, SNR is reduced 
as a result of decreased data sampling, i.e.,

RR
0SNR

SNR
, 

(3)

where R ( 1) is the “reduction” or acceleration factor 
used in the acquisition, and SNR0 is the signal-to-
noise ratio of the equivalent unaccelerated image. 

Fig. 4.1. Measurement of signal-to-noise ratio (SNR) from 
an image acquired with a single receive coil and no parallel 
imaging acceleration is determined from the ratio of the aver-
age signal in the “Signal” ROI and the standard deviation of 
the noise in the “Noise” ROI, placed outside the object. This 
approach assumes that noise is uniform across the image. In 
addition, a correction factor for the underestimation of noise 
must be made.
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This equation simply refl ects that the image will be 
noisier when less data is acquired, directly analogous 
to signal averaging. This equation holds for low accel-
eration factors (R=2–3) with well designed coils, and 
the SNR performance of parallel imaging is simply 
related to the square root of the total scan time.

There is a second cause of SNR degradation that 
commonly occurs with parallel imaging. This degra-
dation is a result of noise amplifi cation that occurs 
with parallel imaging and refl ects the ability of the 
parallel reconstruction algorithm to unwrap super-
imposed (aliased) pixels given a certain coil geom-
etry (Pruessmann et al. 1999). This additional SNR 
degradation can be quantifi ed with the so-called 
geometry or “g” factor (cf. Chap. 3), such that

RgR
0SNR

SNR
. 

(4)

Equation (4) can be rearranged as

R
g

RSNR
SNR 0

, 
(5)

which is the mathematical defi nition of the g-
factor.

The g-factor always has a value of one or more and 
may be non-uniform across the image. It refl ects an 
increase in local noise, not a decrease in signal, which 
is unchanged between the accelerated and unacceler-
ated images. It is also important to realize that the 
g-factor is highly dependent on the coil geometry and 
the resulting sensitivity profi les, the orientation of the 
phase-encoding direction, the acceleration factor (R), 
and the fi eld of view (FOV). In addition, the object 
itself may have indirect but signifi cant impact on the 
g-factor by the effective image masking on the sensi-

Fig. 4.3. The noise in a complex MR image has a Gaussian distribution with a zero mean and standard deviation, . With mag-
nitude images, however, the noise in the background has a reduced apparent noise level, whereas noise in the region of signal 
remains unaffected if the SNR is suffi ciently high.

Fig. 4.2. The noise in a complex MR image has a Gaussian distribution with a zero mean and standard deviation, . With 
magnitude images, however, the noise has a Rayleigh distribution, with non-zero mean and an apparent standard deviation 

app=0.655 , an under-estimation of the true noise level.
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tivity profi les, due to the shape and size of the object. 
Typically, the g-factor is greatest in locations farthest 
from the coil elements, often near the center of the 
FOV in areas of critical clinical importance. Equa-
tion (5) can be further simplifi ed by recalling that 
the signal from the accelerated and unaccelerated 
images, S0 and SR, respectively, are equal,

RRS
Sg R

RR 0

00

σ
σ

σ
σ

, 
(6)

demonstrating that only the noise from the accel-
erated and unaccelerated images must be measured 
in order to determine the g-factor.

4.4 
Alternative Methods to Measure SNR

As characterized by the g-factor, noise is not evenly 
distributed in accelerated images reconstructed with 
parallel-imaging methods. Attempts to measure SNR 
using the approach described above may be incorrect 
if the noise level in the “noise” ROI is lower than in 
the area of interest where the signal is measured. For 
example, Fig. 4.4 shows a noisy one-dimensional mag-
nitude image for the case where noise is uniformly 
distributed and a case where there is a higher level 
of noise at the center of the image. The true SNR at 
this location is very poor. Although measurement of 
the average signal at this location is unaffected, esti-
mation of noise in an area outside the object (back-
ground noise) would be greatly underestimated, and 
SNR would be erroneously overestimated.

Figure 4.5 shows phantom images acquired with 
increasing acceleration factors. Although the average 
signal remains unchanged throughout the images, 
geographic regions of increased noise are very appar-
ent, particularly at higher acceleration factors

Similar increases in noise can also be seen with 
clinical images, even with modest acceleration fac-
tors. Figure 4.6 shows an example of “in and out of 
phase” T1-weighted spoiled-gradient imaging in a 
patient with alcoholic steatohepatitis, acquired with 
an acceleration of two. Subtle increased noise at the 
center of the images is caused by local noise ampli-
fi cation that occurs with parallel imaging from a g-
factor that is greater than one.

So how do we measure SNR in an accelerated 
image where the g-factor must be considered? A suc-
cessful method for the measurement of SNR from 
images acquired with parallel-imaging accelerations 
must account for non-uniform noise throughout the 
image. In this chapter, three SNR measurement meth-
ods that account for non-uniform noise across the 
image are discussed. These methods include a “mul-
tiple acquisition” method, a “difference” method, and 
direct calculation of the g-factor using measured coil 
sensitivities.

4.4.1 
Multiple Acquisition Method

A robust, although time-consuming method for 
measuring SNR, known as the “multiple acquisition” 
method, is performed by repeating an image acqui-
sition many times. This method can be performed 
with magnitude images. Assuming that the scanner 
is stable and the signal does not vary from image to 

Fig. 4.4. Profi le of image with noise with uniform noise across the image (left) compared to the profi le of an image with non-uni-
form noise centrally (right). Even though the average signal is unchanged at this location, the noise is clearly higher at this loca-
tion than elsewhere in the image. Accurate measurements of local SNR must take this local variation in noise into account.
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Fig. 4.6. In-phase (left) and out-of-phase (right) spoiled gradient-echo images of the liver in patient with alcoholic steatohepati-
tis. The drop in signal in the out-of-phase image reveals subtle increased local noise in the center of the liver (arrows), resulting 
from noise amplifi cation characterized by g>1. The increase in noise near the center of the image is not caused by lower coil 
sensitivity, which would cause a decrease in signal, not an increase in noise.

Fig. 4.5. Subjective increase in local noise of spoiled gradient-echo phantom images that worsens with increasing acceleration. 
Phase-encoding direction is left right (top row) and up down (bottom row), and the window/level is the same for all images. 
Although the average signal is similar between the images, there are areas of locally increased noise which severely degrade 
portions of the image, especially at higher acceleration factors.



54 S. B. Reeder

image, the SNR can be determined on a pixel-by-pixel 
basis, providing a high-resolution “SNR image.” The 
SNR at each pixel, determined using the multiple 
acquisition method is given by

t

tS
σ

SNR
, 

(7)

where St is the average signal and t is the stand-
ard deviation of the signal measured from multiple 
images acquired over time for each pixel. This allows 
the measurement of SNR on a pixel-by-pixel basis, and 
permits accurate measurement of local SNR despite 
the presence of spatial variation in image noise. This 
method is shown schematically in Fig. 4.7 for a series 
of images with non-uniform noise throughout the 
image, demonstrating how SNR is measured for each 
pixel across the image.

With the multiple acquisition method, typically 
30 300 images are acquired. The number of images 
will determine the uncertainty on the measurement 
of SNR itself. The more images that are acquired, the 
less uncertainty there is in the SNR measurement. 
Through standard propagation of error methods 
(Bevington and Robinson 1992), it can easily be 
shown that for an N image acquisition, the error on 
the SNR measurement itself is

N
2SNRSNRσ

. 
(8)

For example, if the approximate SNR of an image 
was 20, and one desired an error of less than ±2 (i.e., 
10%), one would need to acquire 200 or more images. 

An error of less than ±4 (i.e., 20%) would require 50 
or more images.

It is important to discuss two important assump-
tions of the multiple acquisition approach. Firstly, it 
is imperative that there be no inherent signal fl uc-
tuations over time. Any signal fl uctuations would 
be interpreted as noise and incorrectly decrease 
the apparent SNR measurement. The second major 
assumption is that the noise follows Gaussian sta-
tistics even when using magnitude images. As was 
shown and described in Fig. 4.3, the noise in a back-
ground region changes from Gaussian to Rayleigh 
statistics after the magnitude operation, causing an 
apparent (and erroneous) decrease in the standard 
deviation of the noise; however, the noise in an area 
of relatively high signal is unaffected and will main-
tain Gaussian statistics. Estimates of noise in this 
region are unaffected by the magnitude operation. 
In general, this assumption is true so long as SNR is 
approximately 5 or higher (Henkelman 1985). Above 
this SNR, noise is unaffected by the magnitude opera-
tion and SNR measurements made using the multiple 
acquisition method are valid. This also implies that 
SNR measurements made in background regions or 
areas of very low SNR are inherently incorrect. Mask-
ing of SNR values below 5 or a similar value can be 
performed to avoid display of these areas.

Finally, the multiple acquisition method can be 
extended to direct measurement of g-factor images. 
Two sets of images are required, one acquired with-
out acceleration and the other with some accelera-
tion factor, R. From Eqs. (5) or (6), a g-factor “image” 
can be easily calculated. Regions of SNR <5 can be 

Fig. 4.7. The multiple acquisition method. Multiple identical images are acquired. For each pixel, the signal and standard devia-
tion are measured over time, permitting direct calculation of the SNR for that pixel.
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masked to zero. Examples of calculated g-factor 
images are shown in Fig. 4.8. From these images, it 
can be seen that the g-factor is highly dependent on 
position within the image, the acceleration factor, and 
the orientation of the phase-encoding direction.

Although the multiple acquisition approach is 
robust and accurate, it can be time-consuming and, in 
general, may be impractical for in vivo SNR measure-
ments. It is best reserved for phantom experiments or 
specifi c in vivo cases where motion and physiologi-
cal variations do not create signal fl uctuations that 
would incorrectly be interpreted as noise.

4.4.2 
Difference Method

A second method for measuring SNR can be per-
formed through the acquisition of only two images, 
instead of large numbers (Price et al. 1990; Firbank 
et al. 1999). In this approach, an estimate of the mean 
signal is obtained from a small ROI from the sum of 
the images, and the standard deviation of the differ-

ence of the images is obtained from the same ROI. 
Because the noise is estimated from the difference of 
two magnitude images in a region with relatively high 
signal, the noise will maintain Gaussian statistics. The 
local SNR within the ROI from two images, S1 and S2, 
is then calculated as (Reeder et al. 2005)

ROI

ROI

ROI

ROI
ROI |)std(2

|mean
SNR

21

21

SS
SS

σ
S

, 
(9)

where the signal in the original image, SROI is half 
the average signal from the ROI in the sum image 

)( 21 SS , i.e., 2|)mean( ROIROI 21 SSS , and the stan-
dard deviation of the noise in the original image is the 
standard deviation in the ROI of the difference image 

)( 21 SS  divided by 2 , i.e., 2|std ROIROI 21 SSσ . 
The additional factor of 2  arises from the fact that 
when two images are added or subtracted, the vari-
ance of the new signal equals the sum of the variance 
of the noise of the two images, and the variance is 
simply the square of the standard deviation. If varia-
tions in noise across the region of interest are small, 
an accurate measurement of the local SNR is possible. 

Fig. 4.8. Calculated g-factor images using Eq. (6) and the multiple acquisition method that acquired 200 consecutive spoiled 
gradient-echo images of a spherical phantom, such as those shown in Fig. 4.5. The phase-encoding direction is in the left right 
direction (top row) and up down direction (bottom row) for different acceleration factors (R).
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This approach is known as the “difference method” 
and is shown schematically in Fig. 4.9.

The main advantage of the difference method is 
that only two images are required making in vivo 
measurements of SNR feasible. As with the multiple 
acquisition method, the signal must not fl uctuate 
between the two images, or inaccurate SNR estimates 
will result. The main disadvantage of this method is 
that the effective spatial resolution of this method is 
lower and variations in SNR are “averaged” out over 
the ROI. For most clinical applications this is not a 
problem if small ROIs are used. In fact, this concept 
has been explored by Gizweski et al. (2005) by using 
a “sliding ROI” approach in conjunction with the dif-
ference method in order to generate a low-resolution 
SNR image.

The error on the estimates of the SNR in the region 
of interest is determined by the local SNR and the size 
of the ROI. It can be shown that the error on the esti-
mate of SNR using the difference method is given by 
(Reeder et al. 2005)

ROI
SNR

2SNR
N

σ , (10)

Fig. 4.9. The difference 
method. The average 
signal in the region of 
interest (ROI) of the sum 
image is twice the signal 
in the original images 
(SROI). The standard 
deviation in the ROI 
of the difference image 
equals 2 times the 
standard deviation of 
the noise in the original 
images ( ROIσ ).

where NROI is the size of the ROI in pixels. For exam-
ple, there will be an error of ±4 in the SNR measure-
ment when the SNR is approximately 20 (i.e., a 20% 
error), when using an ROI of 50 pixels. Increasing the 
size of the ROI decreases this area but may average 
out variations in the local SNR.

Estimates of the g-factor can also be made with the 
difference method. This approach requires the acqui-
sition of four images, two with an acceleration, R, and 
two with no acceleration. The difference of each pair 
of images can be used to estimate the standard devia-
tion of the noise in the ROI of both accelerated and 
unaccelerated images. The g-factor is subsequently 
determined from Eq. (6), i.e.,

RSS
SSg

RR

0
2

0
1

21

std
std ,

 
(11)

where RR SS 21std  is the standard deviation in the 
ROI of the difference of the accelerated images, and 

0
2

0
1std SS  is the standard deviation of the differ-

ence of the unaccelerated images. This approach has 
been shown to have very close agreement with the 
multiple acquisition method (Reeder et al. 2005). It 
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is important to use small ROIs with this approach, 
because an ROI that spans a sharp transition in the 
g-factor (e.g., Fig. 4.8) could lead to inaccurate esti-
mation of the g-factor.

4.4.3 
SNR Ratio Method

There are many situations where measurement of 
absolute SNR is not necessary, but the relative SNR 
may be suffi cient. For example, fl ip-angle optimiza-
tion may require acquisition of multiple images with 
identical imaging parameters except for the fl ip angle. 
The fl ip angle that generates the highest relative SNR 
or CNR in a particular tissue is then chosen.

For situations such as these where few parameters 
have changed, the SNR ratio method may be appli-
cable; specifi cally, if parameters that affect the g-
factor, such as fi eld of view, matrix size, phase-encod-
ing direction, coil sensitivities, the parallel-imaging 
acceleration factor or reconstruction algorithm, etc., 
are unchanged between scans. This means that the 
SNR ratio method cannot be used to analyze the SNR 
in comparisons of acquisitions with and without par-
allel imaging or with different acceleration factors as 
is often required in clinical studies.

To determine the SNR ratio, the average signal 
from one ROI in the area of interest ( 1S , 2S ), and 
the standard deviation of signal measured in a back-
ground “noise” ROI outside the body ( 1σ , 2σ ) are 
measured in both images, such that

12

21

2
,2

,2
2

1
,1

,1
1

2

1

SNR
SNRRatioSNR

σ
σ

σ

σ

σ

σ

S
S

g
g

S

g
g

S

S

S

 
(12)

where Sig ,  is the g-factor at the ROI in the area of 
interest and σ,ig  is the g-factor in the background 
“noise” ROI in images i=1, 2.

The SNR ratio method relies on the assumption 
that the g-factor is identical in the two images, i.e., 

SS gg ,2,1  and σσ ,2,1 gg . Accordingly, it is impor-
tant to emphasize that the ROIs to determine signal 
and noise must be identical between the two images. 
In addition, the measurement of the signal and stan-
dard deviation cannot be used to measure the abso-
lute SNR of that image for reasons discussed above. 
It is also noted that some reconstruction algorithms 
for parallel imaging set the background signal to 0. 

In this case the SNR ratio method cannot be applied 
since 021 σσ .

4.4.4 
Direct Calculation of the g-Factor

As shown in the original description of the g-factor 
by Pruessmann et al. (1999), it is possible to calcu-
late the g-factor directly if the coil sensitivities and 
noise correlation between separate coils is known. 
The coil sensitivities are complex (i.e., have magni-
tude and phase) which is information that is not typi-
cally available to most scanner operators. In addition, 
measurement of the noise correlation between the 
different coils requires additional measurements, and 
the calculation of g-factor images is complicated.

Recently, an elegant characterization of all noise 
contributions in an MR system has been performed 
by Kellman and McVeigh (2005) permitting the 
reconstruction of MR images with image intensity 
equal to SNR. In this work, noise contributions from 
coils, amplifi ers, and fi lters, as well as additional noise 
amplifi cation from parallel unwrapping, is calculated 
directly. Measurements of noise correlation between 
different coils are made during “pre-scan,” and in 
combination with complex coil sensitivities, can be 
used to generate g-factor images directly. Examples 
of cardiac CINE images acquired with SSFP and 
TSENSE acceleration are shown in Fig. 4.10 along 
with their corresponding g-factor maps. Although 
this approach is more complicated and must be 
incorporated directly into the raw data reconstruc-
tion by the manufacturer of the imaging system, it 
provides robust and accurate estimates of SNR and 
the g-factor without additional image acquisition. 
The details of this work are beyond the scope of this 
chapter.

4.5 
Special Considerations

4.5.1 
TSENSE

The SNR performance of TSENSE (cf. Chap. 12) has 
the added benefi t of temporal fi ltering. This SNR 
benefi t is characterized by a simple modifi cation of 
Eq. (4), specifi cally,

(12)
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b

UNFOLD

FULL0

BW
BWSNR

SNR
Rg

,
 

(13)

where BWFULL and BWUNFOLD are the two-sided 
noise-equivalent temporal bandwidths for the full and 
reduced FOV acquisitions, respectively ( Kellman et 
al. 2001). This fi ltering occurs in the time domain, 
by assuming relatively slow changes in the object 
between CINE image frames, allowing some tempo-
ral fi ltering to reduce image noise. Typically, BWFULL/
BWUNFOLD = 0.8 improving SNR slightly. Knowledge 

of temporal fi ltering, if any, must be known before 
accurate estimates of the g-factor can be made using 
TSENSE.

4.5.2 
Self-Calibrating Parallel-Acceleration Methods

As described in Chapter 2, parallel-imaging methods, 
such as generalized autocalibrating partial parallel 
acquisitions (GRAPPA), auto-SMASH (Jakob et al. 
1998), and other variable density k-space sampling 

Fig. 4.10a–d. a,c Short-axis CINE SSFP images and b,d the corresponding g-factor images acquired using TSENSE (R=4) with the 
phase-encoding direction in the anterior posterior direction (a,b) and in the left right direction (c,d). The same scaling has been 
displayed for the g-factors. Note the strong dependence of the g-factor on phase-encoding orientation. (Courtesy of P. Kellman)

c

a

d
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methods (McKenzie et al. 2002), maintain full sam-
pling at the center of k-space in order to obtain cali-
bration information for unwrapping of undersam-
pled outer regions of k-space. In many k-space-based 
reconstruction algorithms, these central calibration 
lines contribute to the reconstruction of the fi nal 
image. This adds tremendous complexity to the SNR 
analysis of these images, because the central lines of 
k-space provide most of the contrast information in 
an image and carry most of the image power that 
primarily affects SNR. Higher spatial frequencies that 
carry important edge information are under-sam-
pled and the noise distribution will be non-uniform 
across the image.

For these reasons, the measurement of SNR and 
g-factors should be applied very carefully to parallel 
imaging methods that use variable density k-space 
sampling. The multiple acquisition method remains 
valid because the noise distribution is still Gaussian 
in time. The difference method, however, will only be 
valid if the noise distribution is uniform across the 
ROI used. In general, this will not be true and caution 
should be exercised when using this method; however, 
calculation of the g-factor may no longer be valid. What 
is the effective acceleration factor that should be used 
in Eqs (4) (6)? It is not simply the absolute time accel-
eration, because the undersampling of k-space is not 
uniform, and central k-space lines are weighted more 
heavily than higher spatial frequencies. Full character-
ization of SNR and the g-factor using variable-density 
k-space methods will prove very complex, and further 
work on this topic is required.

4.5.3 
Measurement of SNR with 
Multi-Phase Contrast-Enhanced Imaging

Rapid, contrast-enhanced imaging, such as MR angi-
ography or dynamic contrast-enhanced (DCE) imag-
ing of solid organs (liver, brain, heart, etc.), are often 
combined with parallel-imaging applications in order 
to improve both temporal and spatial resolution of 
the acquisition. Measurement of SNR as well as con-
trast-to-noise ratio (CNR) between the background 
tissue and enhancing vessels/tissue is an important 
measure of the performance of these methods.

A variation in the difference method provides an 
opportunity to measure SNR in these circumstances. 
In this approach, at least two baseline non-contrast-
enhanced images are required. As shown schemati-
cally in Fig. 4.11, estimates of the noise are made from 

the difference of two baseline images, S1 and S2. The 
local noise of S1 and S2 within an ROI is , which can 
be determined from the standard deviation of the dif-
ference image (S1 – S2), i.e., . Signal enhancement is 
then determined from the difference of the enhanced 
image (S3) and a background image (S1 or S2), and is 
simply given by ROIS |)mean( 3 2SS ; therefore,

ROI

ROI3

|std
|)mean(2

SNR
21

2

SS
SS

σ
S

, 
(14)

representing the SNR of the signal enhancement 
in the unsubstracted image, S3. More importantly, the 
SNR of the subtracted image (S3 – S2), which is com-
monly used for visualization of angiographic images 
will have higher noise (by a factor of 2 ), such that

ROI

ROI3
Diff |std

|)mean(
SNR

21

2

SS
SS

σ
S

. 
(15)

Equations (14) and (15) provide a useful method 
of measuring the SNR of the signal enhancement 
that occurs with MRA or DCE imaging applications. 
It is valid with parallel imaging applications where 
the noise may be non-uniform across the image, 
and takes advantage of the multiple images acquired 
during the acquisition to determine noise and signal 
enhancement within the same ROI. It is important to 
note that these calculations must be performed with 
2D planar images, and cannot be performed with 
maximum intensity projection (MIP) images that are 
commonly used to display angiographic images.

4.6 
Summary and Conclusion

The measurement of SNR and CNR becomes increas-
ingly important for parallel imaging applications 
where the overall amount of data is reduced, chal-
lenging the SNR performance of these techniques. 
Accurate evaluation of these methods is essential 
and an understanding of the limitations of con-
ventional SNR measurement methods is crucial to 
avoid incorrect methods that can lead to erroneous 
estimates of SNR. The key concept is that from an 
SNR perspective, parallel imaging differs from con-
ventional imaging by the fact that noise may have 
a non-uniform distribution across the image. Valid 
SNR measurement methods must determine both the 
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signal and noise within the same region of interest. 
In this chapter, we review the multiple acquisition 
and difference methods in detail in order to meas-
ure SNR and determine the g-factor. A variation in 
the difference method is described for measurement 
of SNR with dynamic contrast-enhanced and angi-
ographic imaging. Finally, a new method that involves 
direct characterization of the system SNR permitting 

Fig. 4.11. The difference method applied to multi-phase contrast-enhanced angiography. The difference between two pre-con-
trast images is used to determine the noise, and the difference of the post-contrast and pre-contrast image is used to determine 
the signal enhancement, facilitating a quantitative SNR measurement of the contrast enhancement, even in the presence of 
non-uniform noise. Note that the ROI is larger than the vessel for illustrative purposes only, and should be chosen to “fi t” the 
area of interest more accurately.

direct calculation of the g-factor is briefl y discussed, 
although this approach may be complicated for most 
practitioners.
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