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INTRODUCTION
For patients with ischemic stroke, an early and accurate diag-
nosis is essential in terms of achieving a favorable outcome.1 
Magnetic resonance imaging (MRI) plays a crucial role in 
enabling early diagnosis of ischemic stroke. Specifically, 
diffusion- weighted imaging (DWI) is considered the refer-
ence standard for early, accurate and reliable detection of 
ischemia.1–3 DWI measures the random movement of water 
molecules4 whereby the signal loss relative to non- DWIs is 
measured as a function of the so- called b- value. While for DWI 

of ischemic stroke, a b- value of around 1000 s/mm2 is consid-
ered the reference standard,1–3,5 select studies have explored 
the value of higher b- values.1,2,5 Optimally, structures with a 
high degree of water signal and diffusion restriction are visual-
ized more clearly on high b- value images.6–8 Thus, it has been 
shown that high b- value imaging of ischemic stroke enables 
improved lesion conspicuity and detection of very small isch-
emic lesions.1 Unfortunately, image quality and signal- to- noise 
ratio (SNR) deteriorate with increasing b- values. Moreover, the 
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Objectives: Diffusion- weighted imaging (DWI) plays 
a crucial role in the diagnosis of ischemic stroke. We 
assessed the value of computed and acquired high 
b- value DWI in comparison with conventional b = 1000 s 
mm−2 DWI for ischemic stroke at 3T.
Methods: We included 36 patients with acute ischemic 
stroke who presented with diffusion abnormalities on 
DWI performed within 24 h of symptom onset. B- values 
of 0, 500, 1000 and 2000 s mm−2 were acquired. 
Synthetic images with b- values of 1000, 1500, 2000 and 
2500 s mm−2 were computed. Two readers compared 
synthetic (syn) and acquired (acq) b = 2000 s mm−2 
images with acquired b = 1000 s mm−2 images in terms of 
lesion detection rate, image quality, presence of uncer-
tain hyperintensities and lesion conspicuity. Readers 
also selected their preferred b- value. Contrast ratio (CR) 
measurements were performed. Non- parametrical statis-
tical tests and weighted Cohens’ κ tests were computed.

Results: Syn1000 and syn1500 matched acq1000 
images in terms of lesion detection rate, image 
quality and presence of uncertain hyperintensities 
but presented with significantly improved lesion 
conspicuity (p < 0.01) and were frequently selected 
as preferred b- values. Acq2000 images exhibited 
a similar lesion detection rate and improved lesion 
conspicuity (p < 0.01) but worse image quality (p < 
0.01) than acq1000 images. Syn2000 and syn2500 
images performed significantly worse (p < 0.01) than 
acq1000 images in most or all categories. CR signifi-
cantly increased with increasing b- values.
Conclusion: Synthetic images at b = 1000 and 1500 s 
mm−2 and acquired DWI images at b = 2000 s mm−2 
may be of clinical value due to improved lesion 
conspicuity.
Advances in knowledge: Synthetic b- values enable 
improved lesion conspicuity for DWI of ischemic stroke.

https://doi.org/10.1259/bjr.20200869
mailto:sabine.sartoretti@ksw.ch


2 of 9 birpublications.org/bjr Br J Radiol;94:20200869

BJR  Sartoretti et al

increase in scan time to produce high b- value images (as compared 
to simply acquiring lower b- values) has to be considered.6 Thus while 
potentially favorable, high b- value imaging of ischemic stroke has not 
gained a wider acceptance.

Computed DW images (cDWI) are synthetic DW images that 
can be calculated from acquired DW images with arbitrarily 
chosen b- values using voxelwise fitting. Synthetic images with 
high b- values exhibit stronger diffusion effects at a higher SNR 
than acquired images and they can be generated without addi-
tional scan time.6,9,10 Thus cDWI has been shown to enable 
improved lesion conspicuity in comparison to acquired DWI in 
various body regions11–13 such as the prostate,14–17 breast6,18,19 or 
the pancreas.7

Therefore, both acquired high b- value DW images and synthetic 
DW images may improve DW imaging of ischemic stroke. While 
the value of high b- value imaging for ischemic stroke has been 
investigated previously, to the best of our knowledge, cDWI has 
not been applied for brain imaging in the context of ischemic 
stroke. Thus in this study we reevaluated the utility of acquired 
high b- value images (b = 2000 s mm−2) and evaluated the utility 
of synthetic images at four different b- values (b = 1000, 1500, 
2000, 2500 s mm−2) in comparison to acquired DW images at b 
= 1000 s mm−2.

METHODS
This study was approved by the Cantonal Ethical Committee 
Zürich, Switzerland with general written informed consent from 
all patients.

Patients
In this retrospective analysis of a prospectively planned cohort 
study performed between January 2020 and March 2020, we 
assessed 94 consecutive patients who were referred to our 
tertiary radiology department due to clinically suspected acute 
ischemic stroke and/or transient ischemic attack (TIA). Initial 

assessment of all patients was performed by CT, CT- angiography 
and perfusion- weighted CT, followed by an MRI examination 
within 24 h of initial symptomatology.1 We excluded patients 
who (a) did not complete the whole MR examination within 
24 h of symptom onset and/or (b) presented with hemorrhagic 
infarctions (one patient), neoplasm (five patients) or other intra-
cranial diseases (cytotoxic splenial lesion in one patient, post-
ictal changes in one patient). 50 patients did not present with 
any diffusion abnormality. 36 patients (24 males and 12 females 
with a mean age of 76.6 years and age range of 53–93 years) were 
finally included in the study after applying exclusion criteria.

MRI and postprocessing
MR imaging was performed on a 3T scanner (Achieva, Philips 
Healthcare, Best, the Netherlands) with an eight- channel 
receive- only head coil array. As part of the clinical protocol the 
following sequences were acquired: 3D Turbo Spin Echo (TSE) 
Fluid Attenuated Inversion Recovery (FLAIR), 3D T1w Turbo 
Field Echo (TFE), Susceptibility- Weighted Imaging (SWI), 3D 
T2w TSE and Single Shot Spin Echo- Echo Planar Imaging DWI 
(SShot SE- EPI DWI) with b- values of 0, 500, 1000 and addi-
tionally (acquired separately) 2000 s mm−2 along three orthog-
onal gradient directions.20 Parameters of the DWI sequence are 
shown in Table 1. As described in detail elsewhere,6,9 synthetic 
images were generated by a mono- exponential decay model 
using dedicated vendor software.6,9 Specifically, the software 
requires at least two lower acquired b- values to compute a 
particular synthetic image.9 Synthetic images with b- values of 
1500, 2000 and 2500 s mm−2 were computed from three lower 
acquired b- values (0, 500, 1000 s mm−2).14 Synthetic b = 1000 s 
mm−2 images were computed with two lower acquired b- values 
(0, 500 s mm−2).12 It should be mentioned that one should not 
calculate arbitrarily high b- values based on two or three lower 
acquired b- values, since fitting would deviate on very high 
b- values from the true signal decay curve due to kurtosis effects. 
Specifically, to calculate high b- values above b = 2500 s mm−2 
one of the input values should be greater than b = 2000 s mm−2. 

Table 1. DWI sequence parameters

SShot SE- EPI DWI b0, b500, b1000 SShot SE- EPI DWI b2000
Field of View (FoV) 240 × 240 x 165 mm3 240 × 240 x 165 mm3

Acquired voxel size 1.55 × 1.95 x 3.0 mm3 1.55 × 1.95 x 3.0 mm3

Reconstructed voxel size 0.9 × 0.9 x 3.0 mm3 0.9 × 0.9 x 3.0 mm3

Number of slices 50 50

Repetition time (TR) 6169 ms 6793 ms

Echo time (TE) 83 ms 90 ms

Flip angle 90° 90°

EPI factor 59 59

SENSE factor P reduction = 2 P reduction = 2

Number of signal averages (NSA) b0 = 1, b500 = 2, b1000 = 5 b2000 = 5

Receiver bandwidth 20.8 Hz/pixel 20.8 Hz/pixel

Acquisition time (mm:ss) 02:28 01:48

Calculated b values b1000, b1500, b2000, b2500 –
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However, images beyond b = 2500 s mm−2 will present with high 
levels of susceptibility related artifacts and noise,1,2,21 which 
may considerably impair diagnostic readability. Thus, based on 
these considerations, we set a limit at synthetic b = 2500 s mm−2 
images. Finally, concerning the choice of model, we employed a 
widely used mono- exponential decay model. However, it should 
be noted that for brain imaging more complex models may 
render more accurate results for the computation of synthetic 
images. To further investigate the impact of the choice of model 
on the image impression of synthetic images, we performed 
experimental tests on a subset of patients. The results from these 
tests are described in detail in the Supplementary Material 1.

Qualitative analysis
All qualitative analyses were performed by two readers in a 
blinded and randomized manner (S.S, board- certified neurora-
diologist with 30 years of experience named reader one and T.S, 
trainee with 3 years of experience in medical imaging named 
reader 2). Images were reviewed on the PACS and readers were 
able to change windowing as necessary.22

Lesion detection, Presence of Uncertain 
Hyperintensities and Image Quality
For each patient, the readers evaluated image sets consisting 
of DW images (i.e. six image sets per patient, one set for each 
b- value), ADC map and FLAIR images1,3,7 in a blinded and 
randomized manner. Specifically, the image sets from a single 
patient did not necessarily appear in sequential order. Readers 
were asked to search for the presence of areas with diffusion 
restriction as occurring in patients with acute or hyperacute 
stroke.1 The readers were instructed to record the number, extent 
and location of lesions in each case.1 Lesion extent was classified 
in four groups: punctate with up to 5 mm (Group 1), 6–10 mm 
(Group 2), 11–16 mm (Group 3) and larger than 16 mm (Group 
4) in the widest extent on a single image slice. Furthermore, 
readers were asked to evaluate DW images firstly for the pres-
ence of uncertain hyperintensities on a 4- point Likert scale (1: 
multiple; 2: several; 3: a few; 4: none)23 and secondly for image 
quality (i.e. visualization of anatomical structures, susceptibility 
and motion artefacts and image coarseness) using a 5- point 
Likert scale (1: non- diagnostic, 2: poor, 3: moderate, 4: good, 5: 
excellent). The category presence of uncertain hyperintensities 
was adapted from Byeon et al23 and refers to the occurrence of 
small specks of hyperintensity on the b- value images that are 
most likely not caused by diffusion restriction but rather occur 
due to imperfections of the image acquisition or the voxelwise 
fitting (as in the case of synthetic images).

Lesion conspicuity
In a second step, one reader (S.S) first marked all lesions with 
small arrows on all b- value images for subsequent lesion conspi-
cuity rating. If lesions were not visible on all images, they were 
excluded from the rating process. Lesion conspicuity was rated 
with a 3- point Likert scale (1: worse, 2: comparable, 3: better) 
relative to the acq1000 images. The readers rated every lesion 
and for subsequent statistical analysis, scores were averaged for 
each patient. The rating process was conducted as proposed else-
where24,25; In brief, the two b- value images were presented to the 

readers in a 2- column format with the left- right order random-
ized as either acq1000 or acq2000/synthetic image. Each time the 
readers recorded whether they preferred the left or right image 
(or whether lesion conspicuity was similar) and after the rating 
session their scores were converted to the 3- point Likert scale by 
a further investigator (E.S). The images from a single patient did 
not necessarily appear in sequential order.

Preferred b-value
Finally, image sets consisting of all b- value images were gener-
ated for each patient. The b- value images were presented in a 
6- column format in random order and readers were blinded to 
sequence and patient information. For each set, the readers were 
asked to choose their subjectively preferred b- value image.6

Quantitative analysis
For each patient, an image set consisting of six coregistered 
b- value images was created. In each case, the slice on which the 
largest lesion presented with the largest diameter was selected to 
generate a single image for each b- value.6 One reader (T.S) then 
placed manually defined 2D ROIs into the lesion and into the 
normal contralateral brain tissue. ROI placement was checked 
by a second reader (**).26 To ensure consistency of ROI size and 
position, ROIs were copied from the first image to the other 
images. From these ROIs, the signal intensities (SI) of infarct 
region (SIinfarct) and normal contralateral brain tissue (SIbrain) 
were derived for each patient and each b- value image.1 Mean SI 
values were then used to calculate the contrast ratio (CR)7 with 
the following formula:

 
CR =

(
SIinfarct−SIbrain

)
(
SIinfarct+SIbrain

)
  

(1)

Statistical analysis
Scores from reader 1 (S.S) were considered the representative 
values for statistical analysis (i.e. in the categories image quality, 
presence of uncertain hyperintensities and lesion conspicuity) 
due to reader one being the most experienced.27 Data were 
initially checked for normality and sphericity with QQ- Plots, 
Shapiro- Wilks tests and Mauchly tests. Scores from CR measure-
ments, image quality and presence of uncertain hyperintensities 
were compared with Friedman tests and Nemenyi post- hoc tests 
for pairwise comparisons. Scores from lesion conspicuity ratings 
were assessed with exact binomial tests to test the null hypoth-
esis that the probability for better results (ratings: 3) was equal to 
the probability for worse results (ratings: 1).27 Spearman’s rank 
correlation coefficients were computed to define the relation-
ship between lesion size and lesion conspicuity rating scores for 
each b- value. Lesion detection rate and scores from “preferred 
b- values” were expressed with descriptive statistics. To assess 
interreader agreement, weighted Cohen’s κ tests were computed. 
κ values were interpreted as follows: κ = 0.00–0.20, poor agree-
ment; κ = 0.21–0.40, fair agreement; κ = 0.41–0.60, moderate 
agreement; κ = 0.61–0.80, good agreement and κ = 0.81–1.00, 
very good agreement.7 Wherever appropriate, p- values were 
adjusted for multiple comparisons with the Benjamini- Hochberg 
procedure. p values < 0.05 were considered significant. Unless 
indicated otherwise, data are presented as median, [interquartile 
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range]. All analyses were performed in the R programming 
language (v.3.6.3) (R Core Team, 2020) using the packages 
“PMCMR” to perform post- hoc tests, “irr” to compute tests for 
interreader agreement and “ggplot2” to generate figures.

RESULTS
Interesting image examples are provided as Figures 1 and 2.

Lesion detection
Reader 1 identified 139 lesions on the acq1000, syn1000 and 
syn1500 and acq2000 images, 124 lesions on syn2000 images and 
122 lesions on syn2500 images. Reader two identified the same 
lesions on the acq1000, syn1000, syn1500 and acq2000 images, 
but identified 126 lesions on syn2000 images and 125 lesions 
on syn2500. Of the 139 lesions detected on acq1000, syn1000, 
syn1500 and acq2000 images, 82 were punctate (Group 1) and 
57 presented with a diameter between 5 and 73 mm (Groups 2, 3 
and 4). Lesions that were not detected on syn2000, and syn2500 
images were all punctate.

Presence of uncertain hyperintensities
Syn2000 [3, (3, 3), p < 0.01] and syn2500 [3, (2, 3), p < 0.001] 
images were found to exhibit significantly more uncertain hyper-
intensities as compared with acq1000 [4, (3.75, 4)], acq2000 [4, 
(3, 4)], syn1000 [4, (3, 4)] and syn1500 [4, (3, 4)] images. Inter-
reader agreement ranged from good to very good (κ = 0.742–
0.941). The data are presented in Figure 3.

Image quality
Image quality was rated similarly well on acq1000 [4, (4, 4)], 
syn1000 [5, (4, 5)] and syn1500 [4.5, (4, 5)] images with a 
tendency towards improved scores on syn1000 and syn1500 
images. However, acq2000 [3, (3, 4), p < 0.001], syn2000 [3, (3, 
3), p < 0.001] and syn2500 [3, (2, 3), p < 0.001] images were 
found to exhibit significantly worse image quality than acq1000 
images. Between acq2000, syn2000, syn2500 images, there were 
no significant differences in image quality. Interreader agree-
ment ranged from moderate to very good (κ = 0.482–0.86). The 
data are presented in Figure 3.

Lesion conspicuity
The data are presented in Figures 3 and 4 and a detailed overview 
is given in Table  2. 121 lesions were rated. Lesion conspicuity 
was rated significantly better on syn1000 (2, [2, 2.5], p < 0.001), 
syn1500 [2.5, (2, 2.95), p < 0.001] and acq2000 [2.1, (2, 2.6), p < 
0.001] images than on acq1000 images. On syn2000 images [2, 
(1.6, 2.2), p = 0.67], lesion conspicuity was considered compa-
rable and on syn2500 images [1.9, (1.5, 2), p = 0.001] worse 
than on acq1000 images. Only on syn1000 images, a significant 
inverse relationship between lesion conspicuity scores and lesion 
extent was observed (ρ = −0.33, p < 0.01). Interreader agreement 
ranged from moderate to good (κ = 0.42–0.69).

Preferred b-value
The data are presented visually with a radarchart (Figure 5). In 
brief, both readers chose syn1500 images most often as their 

Figure 1. Acute focal ovaloid ischemic infarct with diffusion abnormality of 9 mm maximal diameter in the posterior limb of the 
internal capsule along the corticospinal tract on the right side. The lesion is visible on all DW images, however the lesion (red 
arrows) conspicuity is increased on acq2000, syn1000, syn1500, syn2000 and syn2500 in comparison with the acq1000 image. 
The subjective image quality is reduced on the acq2000 image and on the syn2500 image.

http://birpublications.org/bjr
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preferred b- value (reader 1: 15 times, reader 2: 17 times) followed 
by syn1000 images (reader 1: nine times, reader 2: 10 times). 
Acq1000 (reader 1: four times, reader 2: four times), acq2000 
(reader 1: two times, reader 2: two times) and syn2000 (reader 
1: six times, reader 2: three times) images were chosen less 
frequently. Syn2500 images were never chosen as the preferred 
b- value. Interreader agreement was very good (κ = 0.86).

Contrast Ratio (CR)
As expected, CR increased with increasing b- values. Acq2000 
[0.38, (0.3, 0.53), p < 0.01], syn1500 [0.42, (0.29, 0.53), p < 0.01], 
syn2000 [0.48, (0.3, 0.58), p < 0.001] and syn2500 [0.56, (0.34, 
0.64), p < 0.001] images all exhibited significantly improved CR 
compared to acq1000 [0.32, (0.24, 0.43)] and syn1000 [0.31, 
(0.24, 0.43)] images. Furthermore, syn2500 images exhibited 
significantly higher CR values than the acq2000 (p < 0.01) and 
syn1500 images (p < 0.01). The data is visualized in Figure 3.

DISCUSSION
In this study, we evaluated the utility of acquired high b- value 
DW images and synthetic b- value DW images in comparison 
with conventional acquired DW images at b = 1000 s mm−2 
for ischemic stroke imaging at 3T. We found that syn1000 and 
syn1500 images presented with comparable image quality, 
improved lesion conspicuity and a similar lesion detection 
rate as acq1000 images. The acq2000 images presented with a 

similar lesion detection rate and improved lesion conspicuity but 
diminished image quality in comparison with acq1000 images. 
Syn2000 images presented with a similar lesion conspicuity as 
acq1000 images, but performed worse in terms of lesion detec-
tion rate, image quality and presence of uncertain hyperintensi-
ties. Syn2500 images performed worse than acq1000 images in 
all rating categories (except for CR values).

Our results suggested that syn1000 and especially syn1500 
images are superior to synthetic images with higher b- values 
are consistent with results from other studies. Bickel et al eval-
uated the utility of synthetic b- value images for breast imaging. 
Synthetic b- values ranging from b = 1000 to b = 2000 s mm−2 
were compared to acquired b = 850 s mm−2 images. The authors 
concluded that image quality and lesion conspicuity was optimal 
on the synthetic images with b values of around 1500 s mm−2.6 
Interestingly, both in the present study and the study of Bickel 
et al6 the contrast between lesion and parenchyma increased 
steadily with increasing b- values, which can be expected as 
high b- values exhibit stronger diffusion effects. While this effect 
may offer theoretical benefits such as improved lesion visibility, 
it should be noted that the proper visualization of lesions does 
not solely depend on the raw signal intensity difference between 
lesion and surrounding parenchyma, which may explain discrep-
ancies between subjective lesion conspicuity scores and quantita-
tive CR measurements.

Figure 2. Three punctate acute ischemic infarcts, two lesions in the postcentral gyrus (medial and lateral) and one lesion in the lat-
eral part of the precuneus are depicted on the left hemisphere. The acute infarct in the medial postcentral gyrus (red arrow) shows 
better lesion conspicuity on the acq2000 and the syn1000, syn1500, syn2000 and syn2500 images compared to the acq1000 
image. The lesion conspicuity of the acute infarcts in the lateral part of the postcentral gyrus and in the precuneus is comparable 
on acq1000, acq2000 (yellow arrows) and syn1000 image (yellow arrow), but slightly reduced on syn1500 (yellow arrows with 
white border) images. The lesion (white arrows) is not reliably identified on syn2000 and syn2500 due to similar appearance of 
hyperintensities of uncertain origin (green arrows) in the normal cortex thus also resulting in reduced lesion conspicuity.
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Similarly, Rosenkrantz et al16 evaluated synthetic images ranging 
from b = 1000 to b = 5000 s mm−2 for prostate imaging. Synthetic 
images of b = 1500 s mm−2 were found to outperform images 
exceeding b- values of 2500 s/mm2. However, synthetic b = 1000 s 
mm−2 images were also described as non- optimal.

Concerning the value of acquired high b- values images for stroke 
imaging, our results are similar to those from previous studies 
such as Cihangiroglu et al1 as our acq2000 images presented with 
better lesion conspicuity yet lower image quality.

Furthermore, it has been shown that high b- values are useful to 
detect additional small lesions, especially in patients presenting 
with hyperacute stroke that may not be visible on lower b- value 
images.1,2,5 In the present study we did not encounter such 
a case possibly due to the study design (i.e. patients within 24 
rather than for example only within 6 h of symptom onset were 
included). Nonetheless, the value of acquired high b- values is 
debatable, as it is questionable whether the longer scan time can 
be justified by the potentially slightly higher sensitivity towards 
very small lesions.

Hypothetically, synthetic high b- value images could provide a 
viable alternative in such situations. In our study, syn2000 and 
syn2500 suffered from reduced lesion detection rate presumably 
due to increased presence of uncertain hyperintensities. These 
hyperintensities are also visible on synthetic high b- value images 
provided by Kamata et al11 who studied the utility of synthetic 
images in pediatric encephalopathy or Bickel et al6 who inves-
tigated the use of synthetic images in breast imaging. These 

hyperintensities often appear at the border of the cortex and their 
intensity and number seem to increase with increasing b- values 
on synthetic images. The etiology of these hyperintensities is 
unknown. However, we suspect that, firstly, they are related to the 
voxelwise fitting procedure and partial volume effects affecting 
acquired images with low b- values (i.e. b = 0 s mm−2) and, 
secondly, that they represent, to some extent, genuine biolog-
ical processes. Unfortunately, these hyperintensities may appear 
similar to small ischemic lesions and thus small lesions may 
mistakenly be dismissed as a hyperintensity, which presumably 
occurred in this study thus leading to a reduced lesion detection 
rate. Therefore, syn2000 and syn2500 images cannot be consid-
ered true alternatives to acq2000 or even acq1000 images. Thus, 
to further address the sensitivity of high b- values towards small 
lesions in a hyperacute setting, we hypothesize that the increased 
sensitivity is only achievable with acquired high b- value images 
(i.e. acq2000 and beyond) and possibly also with syn1500 images 
as these synthetic images did not suffer a loss of lesion detection 
rate and did not exhibit increased presence of uncertain hyper-
intensities. This should however be addressed in future studies.

To improve reading experience of patient studies, especially the 
visualization of smaller lesions is of relevance. There was a signif-
icant inverse relationship for syn1000 between lesion extent and 
lesion conspicuity score with smaller lesions having higher lesion 
conspicuity scores. For the other b- value images, no significant 
association between lesion conspicuity scores and lesion extent 
was found, which shows that the occurrence of improved (or 
diminished) lesion conspicuity is irrespective of the extent of 
lesions and may occur equally likely for small as well as large 

Figure 3. Boxplots depicting data from quantitative and qualitative image analysis from reader 1. The line in the box shows the 
median, the lower and upper hinges correspond to the first and third quartiles. The upper/lower whisker extends from the hinge 
to the largest/smallest value no further than 1.5 * IQR from the hinge. For contrast ratio (CR), violin plots showing the probability 
density of the data at specific values smoothed by a kernel density estimator surround the boxplots.
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lesions. Thus for the visualization of small lesions, acq2000, 
syn1000 and syn1500 images are all equally well suited and may 
all enable improved visualization of small lesions as compared to 
acq1000 images.

Finally, the computation procedure for synthetic images has 
to be considered. For this study, synthetic images were gener-
ated by a mono- exponential decay model. Specifically, at least 
two lower acquired b- values are required to compute a higher, 
synthetic b- value image.9 However, there are further models to 
fit the data, such as bi- exponential decay models. It has been 
suggested, that these models may be more suitable for DW 
imaging of the brain as the diffusion of water molecules is 

non- gaussian in brain tissues.28–30 However, to achieve robust-
ness, these models require many lower acquired b- values to 
generate computed images.31 While feasible in research settings, 
there are certain limitations in terms of scantime in a clinical 
setting and acquiring several more lower b- values would have 
not been reasonable for patients. Furthermore, due to lack of 
standardization, bi- exponential models have not seen wide-
spread clinical adoption yet.31

Moreover, it should be emphasized that we did not derive any 
quantitative parameters from the acquired or synthetic images 
but focused solely on assessing the images qualitatively. Thus, 
slight differences between the images of various models would 

Figure 4. Relationship between lesion extent and lesion conspicuity scores for each b- value. The size of the black dots on the left 
side is proportional to the number of lesions of a given extent receiving a particular lesion conspicuity score. A smoothed regres-
sion line approximated with the LOESS function was added, whereby 95% confidence intervals are shown as grey zones. On the 
right side, stacked barplots show the distribution of lesion conspicuity scores for a given lesion extent.

Table 2. Detailed overview of the data from lesion conspicuity ratings for both readers. Data from reader one were considered 
representative for statistical analysis

Nr. of cases per rating category (1, 2 or 3) with 
a total of 121 lesions acq2000 syn1000 syn1500 syn2000 syn2500
Lesion Conspicuity worse than acq1000 (1) Reader 1: 7

Reader 2: 8
Reader 1: 2
Reader 2: 3

Reader 1: 4
Reader 2: 5

Reader 1: 35
Reader 2: 22

Reader 1: 42
Reader 2: 34

Lesion Conspicuity comparable to acq1000 (2) Reader 1: 60
Reader 2: 59

Reader 1: 70
Reader 2: 49

Reader 1: 55
Reader 2: 47

Reader 1: 56
Reader 2: 61

Reader 1: 63
Reader 2: 62

Lesion Conspicuity better than acq1000 (3) Reader 1: 54
Reader 2: 54

Reader 1: 49
Reader 2: 69

Reader 1: 62
Reader 2: 69

Reader 1: 30
Reader 2: 38

Reader 1: 16
Reader 2: 25
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have presumably not been apparent, especially when considering 
that readers were allowed to adjust the windowing themselves.

Our study has several limitations: Firstly, while in range of 
similar studies,1,11,32 the sample size is fairly limited, as many 
patients had to be excluded. Secondly, while in line with other 
studies,6,13,14 we did not acquire DW images for every synthetic 
counterpart. This would have prolonged scan time considerably, 
which was not reasonable for patients in a clinical setting. Also, 
we only used three gradient direction DWI (as recommended 
elsewhere20 and did not assess the influence of other DWI 
protocols (i.e. with more gradient directions). This limits the 
generalizability of our results. Thirdly, it should be mentioned 
that windowing may impact the perception of subjective image 
quality on synthetic DW images. Here, readers were allowed to 
change windowing as necessary, but scores could have differed 
considerably when windowing would have been fixed prior to 
the qualitative analyses. For institutions using fixed windowing 
settings for DWI interpretation, this should be considered. 
Finally, we could not assess the true diagnostic performance of 
the b- value images in terms of lesion detection, as this is gener-
ally only possible in an experimental setting. Thus, we resorted to 

comparing the synthetic images to the standard acq1000 images 
instead.

In conclusion, we show that synthetic b- value images at b = 
1000 and 1500 s mm−2 offer advantages over conventional 
acquired b = 1000 s mm−2 images and may thus improve the 
reading experience of patient studies for neuroradiologists. 
Acquired b = 2000 s mm−2 images also enable improved lesion 
visualization but suffer from reduced image quality and addi-
tional scan time. Finally, synthetic images at b = 2000 and b 
= 2500 s mm−2 cannot be considered viable alternatives to 
acquired DW images due to reduced lesion detection rates.

We, therefore, recommend computing synthetic images at 
b- values of 1000 and 1500 s mm−2 images in addition to 
conventional acquired b = 1000 s mm−2 images as they may 
offer improved lesion visualization (which is especially useful 
for small lesions) and thus reading reliability. In contrast to 
additionally acquiring b = 2000 images, which may also offer 
improved lesion visualization, scan time is not prolonged by 
using synthetic b = 1000 and b = 1500 s mm−2 images.
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