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Purpose: We aimed to evaluate whether the deep-learning (DL) accelerated diffusion weighted image 
(DWI) is clinically feasible for evaluating patients with acute neurologic symptoms, regarding its 
shorter study time and acceptable image quality. Materials and methods: In this retrospective study, 
brain images obtained at DWI with a b-value of 0 s/mm2 and DWI with a b-value of 1000 s/mm2 (DWI 
1000) from 321 consecutive patients with acute stroke-like symptom were reconstructed with and 
without DL algorithm. We compare the diagnostic performance between DL-DWI and conventional 
DWI for detecting brain lesions, including acute infarction. We assessed the diagnostic accuracy of 
conventional DWI and DL-DWI and compared the results. Qualitative analysis based on image quality 
was assessed and compared using a five-point visual scoring system. Apparent diffusion coefficients 
(ADCs) from DWI with and without DL were also compared. Results: The mean acquisition time for 
the DL-DWI (49 s) was significantly shorter (P < 0.001) than conventional DWI (165 s). Both DWI with 
and without DL showed similar performance in diagnosing brain lesions especially sensitivity (98.8% 
in both DWI and DL-DWI) and specificity (99.5% in both DWI and DL-DWI). Overall image quality, 
gray-white matter and deep gray matter differentiation of two sequences were similar. DL DWI showed 
more artifacts than DWI. Lesion conspicuity, especially smaller than 5 mm, was better with DL DWI 
than conventional DWI (p = 0.03). ADC values of white matter, deep gray matter, and pons with DL 
were lower than conventional DWI. Conclusions: Compared to conventional DWI, DL-DWI achieved 
comparable image quality and brain lesion visualization for acute neurological symptoms, with a 
significantly shorter scan time.
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Diverse imaging modalities exist for evaluation of stroke. Since its first application in brain Magnetic Resonance 
Imaging (MRI), diffusion weighted imaging (DWI) became one of the essential and optimal techniques for 
diagnosing acute ischemic stroke1,2. DWI exhibits tissue characteristics by providing information of the random 
motion of the water molecules, so-called Brownian movement in biological tissues including tissue cellularity 
and cell membrane integrity3. A readout signal is generated, dependent on applied diffusion gradients, which is 
addible to a conventional MR sequence to generate a DWI4.

So far, artificial intelligence5, machine leaning6 or deep learning (DL)7 have been introduced to help accelerate 
the reconstruction time and reduce the artifacts. The DL-based reconstruction using a variational network has 
secured higher acceleration factors for acquisition and improved signal to noise ratio (SNR)8,9. A recent study 
adopting DL-DWI to liver MRI revealed that DL-DWI was a feasible acquisition technique in clinical routines 
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and provided improved image quality3. Finally, another study applying DL DWI to prostate cancer revealed that 
DL DWI could improve the image quality of prostate without affecting the quantification of apparent diffusion 
coefficients and may potentially improve lesion characterization in patients with suspected prostate cancer10.

DWI is useful for evaluating episodes of acute atypical or non-focal neurological symptoms, referred to 
as transient neurological attack (TNA), which pose diagnostic and management challenges in real-world 
clinical settings11. In this context, enhancing the DWI reliability and speed would be beneficial for efficiently 
screening patients with ambiguous neurological symptoms, such as dizziness, weakness, paresthesia, loss of 
consciousness, amnesia, and more. We aimed to evaluate whether the DL DWI is clinically feasible in evaluating 
the patients with acute neurologic symptoms in terms of image quality and acquisition time when compared 
with conventional DWI.

Materials and methods
This study compared the image quality and diagnostic performance of conventional DWI and DL-DWI 
for intracranial lesion and image quality of both sequences. The methods and results have been reported in 
accordance with the Standards for Reporting of Diagnostic Accuracy Studies (STARD) guidelines12. All methods 
were approved by the Chung-Ang University Hospital Institutional Review Board (IRB) No. 2302-014-19457). 
The requirement for informed consent was waived for this retrospective study and was approved by Chung-Ang 
University Hospital, IRB.

Study population
This retrospective study included 321 consecutive patients with acute neurologic symptoms from August 2022 
to November 2022 who underwent brain DWI images reconstructed with and without DL algorithm (Fig. 1). 
The inclusion criteria were as follows: (1) patients who underwent DWI with and without DL reconstruction 
to evaluate transient neurologic attack, and (2) patients without any contraindication to MR. The exclusion 
criteria were as follows: (1) MR scans with severe motion or metal artifact and (2) imaging data error. Five 
patients were excluded due to imaging data error (n = 3), and severe artifact (n = 2). Thus, 316 patients (156 men 
and 160 women; mean age, 64.9years, age range, 20–95 years) were included in this study. The indications for 
MRI examination were dizziness (n = 107), weakness (n = 77), headache (n = 21), loss of consciousness (n = 20), 
and other nonspecific symptoms (n = 91). We retrospectively surveyed the demographic and clinical data 
including age, sex, and the final clinical diagnosis using electrical medical record. Three neurologists, each with 
over 10 years of experience, determined the final diagnosis by comprehensively evaluating all available clinical 
information, patient progress, and imaging data including follow up DWI. Patients who were symptom-positive 
but had no corresponding imaging findings were not included in this study.

Image acquisition and reconstruction
All MR examinations were performed on a clinical 3 T scanner (MAGNETOM Vida, Siemens Healthcare, 
Erlangen, Germany) with patients in the supine position using a 64-channel head and neck array coil. Table 
1 provides the detailed MR acquisition parameters of conventional and DL-DWI. The manufacturer provided 
the prototypical DL-DWI reconstruction for clinical evaluation (Siemens Healthcare, Erlangen, Germany) 

Figure 1.  Study flow chart.
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based on previously published methods9,13,14,15. The DL reconstruction of DWI employed a deep learning-based 
reconstruction scheme, based on a variational network, in which data consistency steps and regularization 
steps applied. As the first step, k-space to image reconstruction following the idea of a variational network was 
conducted using precalculated coil sensitivities and acquired single-shot k-space data. The initial 6 iterations 
applied to focus on data consistency, and 11 iterations additionally employed convolutional neural network-
based regularization with hierarchical down-up architecture to focus on denoising. With the corresponding 
image-to-image neural network, feature maps are extracted. The training was performed in a supervised fashion 
on approximately 500,000 single-shot DWI images, collected from clinical 1.5 T and 3 T scanners (MAGNETOM, 
Siemens Healthineers, Erlangen, Germany) and included K-space data of different body regions. The training 
pairs were generated retrospectively doubling the acceleration factor. For the next step, DL-based reconstructed 
single-shot images were further processed using an image-based super resolution network to increase spatial 
resolution. Both reconstruction algorithms were trained offline in a supervised setting using PyTorch. After 
reconstruction of single-shot images, averaging, trace-weighting, and ADC calculation process were performed 
analogous to the conventional DWI sequence.

Imaging analysis
Qualitative analysis
Two board-certified radiologists (with seven and five years of experience in neuroradiology) reviewed the two 
DWI sequences in random order using a picture archiving and communication system and provided subjective 
scores for overall image quality, gray-white matter differentiation, deep gray matter differentiation using the 
five-point scale: 1, unacceptable; 2, poor; 3, acceptable; 4, good; 5, excellent. Readers also reported the presence 
of artifact, diffusion positive lesion, lesion size, lesion conspicuity, and preference between two sequences (1, 
conventional better; 2, conventional slightly better; 3, equal; 4, DL slightly better; 5, DL better). All radiologists 
were blinded to the information of conventional or DL sequences, clinical data, and the radiological report.

Lesion assessment
The observers evaluated the presence of DWI-positive lesions, measured the lesion size and subjectively rate the 
conspicuity of the detected lesions in each DWI using the following 5-point scale: 1, undetectable; 2, poor; 3, 
acceptable; 4, good; 5, excellent. In case of multiple lesions, the largest one was recorded.

Quantitative analysis
A radiologist with ten years’ experience performed quantitative analysis and measured the ADC values of the 
bilateral centrum semiovale, putamen, temporal white matter, cerebellum and pons and DWI positive lesions on 
the ADC maps using a manually drawn circular region of interest (ROIs). All ROIs (approximately 0.5 cm2) were 
placed in the homogeneous brain parenchyma. The ADC values’ standard deviations (SD) were also recorded 
within each ROI. ADC measurements were not performed on the brain parenchyma in one patient because the 
acute infarction was on the entire right hemisphere of the brain. ADC measurements of focal lesions were only 
performed when the lesions were larger than 5 mm in diameter due to the limited resolution of the DWIs3. The 
ROIs in the focal lesions were placed in a homogeneous area, avoiding cystic changes, and covered an area of at 
least 0.3 mm2. ROIs were placed at near-identical locations on images obtained during different sequences, and 
an average of three ROI measurements was used at each location.

Statistical analysis
All data were analyzed using the software package MedCalc Statistical Software version 19.3.1 (MedCalc 
Software Ltd, Ostend, Belgium). We assessed the diagnostic accuracy (sensitivity, specificity, accuracy, positive 
predictive value, and negative predictive value) of conventional DWI and DL-DWI. We utilized the neurologists’ 
final reference diagnosis based on electronic medical records to evaluate diagnostic performance. The qualitative 
and quantitative imaging parameters were compared using the Wilcoxon signed-rank test. The mean scores of 
the two observers were used to compare the qualitative scores. Interobserver agreement for qualitative analysis 
was assessed using weighted κ statistics. A κ value less than 0.20 is considered poor agreement; 0.21–0.40, 

Conventional DWI DL DWI

b-values (s/mm2) 0/1000 0/1000

TR/TE (ms) 6100/68 6200/69

Field-of-view (mm2) 220 × 220 230 × 230

Matrix size 192 × 192 192 × 192

In-plane resolution (mm2) 1.15 × 1.15 1.2 × 1.2

Slice thickness (mm) 4 4

Number of slices 30 30

Parallel imaging factor 2 3

Number of excitations 1 1

Acquisition time (sec) 165 49

Table 1.  Diffusion-weighted imaging parameters. DL DWI indicates diffusion weighted imaging with deep 
learning reconstruction; TR, repetition time; TE, echo time;.
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fair agreement; 0.41–0.60, moderate agreement; 0.61–0.80, good agreement; and greater than 0.81, excellent 
agreement16.

Results
Study population
Table S1 summarizes the study population and clinical information. We included 316 patients (156 male, 160 
female) with mean age of 64.97 ± 16.19 (range 20–95). The neurologic symptoms were dizziness in 33.86% 
(n = 107) patients, weakness in 24.37% (n = 77) patients, headache in 6.65% (n = 21). 77.05% of patients (n = 94) 
were diagnosed as acute infarction, 11.48% of patients (n = 14) were diagnosed as tumor.

Acquisition time
The acquisition time was significantly different between DL DWI and conventional DWI (49 s and 165 s 
respectively) (P < 0.001).

Diagnostic performance and lesion assessment
Two observers detected a total 241 lesions with both conventional and DL DWI among 242 reference lesions. 
The agreement of lesion detection between the two observers was excellent for both conventional DWI (0.9398) 
and DL DWI (0.9397). Overall, DL DWI achieved diagnostic performance comparable to that of conventional 
DWI in terms of sensitivity (conventional DWI vs. DL DWI, 98.8% vs. 98.8%) and specificity (conventional 
DWI vs. DL-DWI, 99.5% vs. 99.5%). Diagnostic accuracy was also similar in both sequences (Table 2).

Qualitative analysis
Overall, qualitative scores of DWI were similar between conventional DWI and DL-DWI for overall image 
quality, gray-white matter and deep gray matter differentiation. The lesion conspicuity score for DL-DWI 
(4.62 ± 0.69) was significantly higher than conventional DWI (4.43 ± 0.77) (p = 0.005). When we performed 
subgroup analysis based on lesion size, lesion conspicuity scores for DL- DWI were higher despite of the size (≤ 5 
mm, p = 0.03, > 5 mm, p = 0.02). More artifacts were reported with DL-DWI (21.5%, n = 136) than conventional 
DWI (5.9%, n = 37) (p < 0.0001, Table 3). When we analyzed the specific cause of the artifacts, motion artifacts 
were reported in a similar number of cases for both conventional and DL DWI (n = 16 and n = 15, respectively). 
However, DL-DWI exhibited significantly more susceptibility artifacts, such as blurring near the vertex. The 
agreement between the two observers was fair to good, with a weighted κ ranging from 0.5156 to 0.7871 for DL 
DWI and 0.5787–0.6520 for conventional DWI. When comparing the two sequences, readers indicated an equal 
preference in 76.3% (482 out of 632 observations) of cases, and conventional DWI and DL DWI were preferred 
in 11.8% (75 out of 632 observations) of cases, respectively.

Conventional DWI DL DWI P Value

Overall image quality 4.16 ± 0.47 4.17 ± 0.50 0.77

GW differentiation 4.86 ± 0.42 4.83 ± 0.43 0.21

DG differentiation 4.78 ± 0.44 4.77 ± 0.44 0.70

Artifact Motion
Others

5.9% (n = 37)
43.2% (n = 16)
56.8% (n = 21)

21.5% (n = 136)
11.0%(n = 15)
89.0%(n = 121)

< 0.0001

Lesion conspicuity ≤ 5 mm 4.14 ± 0.79 4.58 ± 0.72 0.03

> 5 mm 4.46 ± 0.76 4.63 ± 0.69 0.02

Lesion conspicuity 4.43 ± 0.77 4.62 ± 0.69 0.005

Table 3.  Comparison of qualitative analysis between DL DWI and conventional DWI. Data are 
mean ± standard deviation and averaged scores of two observers. DL DWI indicates diffusion weighted 
imaging with deep learning reconstruction. GW: gray-white matter. DG: deep gray matter.

 

Sensitivity, % Specificity, % Accuracy, % PPV, % NPV, %

Overall conventional DWI 98.8 99.5 99.2 99.2 99.2

DL DWI 98.8 99.5 99.2 99.2 99.2

Obs 1 conventional DWI 98.4 100.0 99.4 100.0 99.0

DL DWI 98.4 99.5 99.1 99.2 99.0

Obs 2 conventional DWI 99.2 99.0 99.1 98.4 99.5

DL DWI 99.2 99.5 99.4 99.2 99.4

Table 2.  Diagnosis of brain lesions using conventional DWI and DL DWI. DL DWI indicates diffusion 
weighted imaging with deep learning reconstruction. PPV, positive predictive value. NPV, negative predictive 
value.
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Quantitative analysis
The ADC values in the temporal white matter were the highest while those of cerebellum showed the lowest 
values. The ADC values calculated with DL-DWI were consistently lower in both centrum semiovale, putamen, 
left temporal white matter, pons and cerebellum (P < 0.001) (Table 4). Within each ROI, the SD were significantly 
lower in DL-DWI than in conventional DWI (all, P < 0.001) (Table S2).

One hundred five lesions received ADC measurement (acute infarction = 82, tumor = 13, hemorrhage = 5, 
others = 5) and overall ADC value measured with DL-DWI was significantly lower than that of conventional 
DWI (P < 0.001). In subgroups analysis, ADC values measured with DL-DWI were significantly lower in 
acute infarction and tumor (P < 0.001, P = 0.0041). In both sequences, acute infarction lesions demonstrated 
significantly lower ADC values than tumor or hemorrhage (DL-DWI, P < 0.001, P = 0.0002; conventional DWI, 
P < 0.001) (Table 5).

Discussion
In this study, we demonstrated similar diagnostic accuracy of DL-DWI and conventional DWI for the evaluation 
of patients with acute neurologic symptoms. With DL, we acquired feasible and reliable DWI images covering 
the whole brain in less than one minute, which is less than one third of the scan time of conventional DWI. 
DL-DWI demonstrated similar diagnostic performance without hampering the overall image quality. Lesion 
conspicuity is better with DL-DWI even though more artifacts were reported with DL-DWI.

One of the greatest advantage adopting DL reconstruction to DWI is time reduction, which naturally 
improves patient comfort and overall experience17. Although MR is one of the most essential imaging modalities 
to diagnosing various neurologic disease, not every patient is amenable to the study due to its uncomfortable 
noise and long scan time. Remaining within an enclosed space and enduring loud noise can make patients and 
clinicians reluctant to evaluate symptoms, especially when no acute stroke is strongly suspected. One study 
reported that up to 30% of patients experienced significant anxiety due to claustrophobia during MR study18.

Additionally, MR is susceptible to image degradation from patient movement related to long scan time. 
According to the previous report, about 29% of inpatient/emergency department examination and 7% of 
outpatient studies face challenges arising from the movement, which leads to the repeated examination with 
significantly increased financial burden19,20. In our study achieved a scan time reduction of approximately 70% 
while maintaining overall quality. Although our study results indicated more artifacts with DL-based DWI, 
most were due to susceptibility rather than motion. We expect these issues to be overcome with advancements 
in the algorithm. If DL-reconstructed fast protocols were utilized with other sequences, one could anticipate 
an improvement in exam-related workflow efficiency for an imaging facility. Also, with shorter scan time, high 
sensitivity DWI can detect and evaluate possible cerebrovascular risk earlier (Fig. 2).

Conventional DWI DL DWI P Value

0.66 ± 0.36 0.59 ± 0.36 < 0.0001

Acute infarction 0.56 ± 0.13 0.49 ± 0.14 < 0.0001

Tumor 1.16 ± 0.60 1.08 ± 0.57 0.0041

Hemorrhage 0.96 ± 0.74 0.87 ± 0.79 0.0836

Subgroup analysis

Infarction vs. tumor P < 0.0001 P < 0.0001

Infarction vs. hemorrhage P < 0.0001 P = 0.0002

Tumor vs. hemorrhage P = 0.5611 P = 0.5434

Table 5.  Lesion ADC measurement (x10−3 mm2 /s). Data are mean ± standard deviation. DL DWI indicates 
diffusion weighted imaging with deep learning reconstruction.

 

Conventional DWI DL DWI P Value

Centrum semiovale Right 0.76 ± 0.08 0.71 ± 0.08 < 0.0001

Left 0.77 ± 0.08 0.73 ± 0.09 < 0.0001

Putamen Right 0.74 ± 0.10 0.65 ± 0.12 < 0.0001

Left 0.74 ± 0.11 0.65 ± 0.12 < 0.0001

Temporal lobe Right 0.80 ± 0.08 0.80 ± 0.07 0.8422

Left 0.84 ± 0.08 0.80 ± 0.07 < 0.0001

Pons 0.78 ± 0.09 0.73 ± 0.09 < 0.0001

Cerebellum Right 0.68 ± 0.05 0.67 ± 0.06 0.6756

Left 0.68 ± 0.05 0.68 ± 0.06 0.0729

Table 4.  Comparison of ADC Measurement (x10−3 mm2 /s) in Brain Parenchyma. Data are mean ± standard 
deviation. DL DWI indicates diffusion weighted imaging with deep learning reconstruction.
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Along with the shortened scan time, DL DWI achieved better lesion conspicuity than conventional DWI 
(Figs. 3, 4, 5 and 6). This finding aligns with a previous study, which revealed that DL-DWI produced better 
overall image quality and sharper organ anatomic details in the liver and pancreas with less noise and artifact3. 
DL has emerged as a promising tool for strengthen the MRI image quality. Previous studies adopted DL 
techniques to reduce noise, enhance contrast, and boost the special resolution21. DL-DWI proves invaluable for 
enhancing diagnostic confidence, particularly in uncertain acute clinical situations. It excels in delivering highly 
sensitive imaging for intracranial lesions of small size (≤ 5 mm), ensuring improved lesion conspicuity with 
distinct margins due to reduced noise and artifacts compared to conventional DWI. DWI is useful to evaluate 
the microscopic water diffusion rate within the tissue, which alters with variety of disease processes22 and is one 
of the most important sequence in lesion detection23 or screening for stroke. In that sense, the excellent ability to 

Figure 3.  Comparison of embolic infarction on conventional DWI and DL-DWI.  A 78-year-old male visited 
the emergency room after resuscitation of cardiac arrest. Conventional DWI revealed a small (≤ 5 mm) 
indistinct DWI high-signal-intensity lesion in right cerebellum (a) with blurred ADC map which does not 
clearly describe the lesion correlated with the DWI (b). However, with DL-DWI, the lesion had more discrete 
margin (c) with clear ADC map, so we could diagnose tiny embolic infarction (d).

 

Figure 2.  Comparison of small acute infarction on conventional DWI and DL-DWI.  A 71-year-old male 
visited the emergency room complaining transient right-sided weakness. Conventional DWI revealed a small 
(≤ 5 mm) indistinct DWI high-signal-intensity lesion in the left frontal lobe (a) with a severely blurred ADC 
map (b) due to motion artifact. However, DL-DWI demonstrated a discrete lesion (c) with clear ADC map (d).
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differentiate these small lesions with highly sensitive DL-DWI could enable it to be used as an initial screening 
tool for patients with ambiguous neurologic symptoms.

In this study, ADC values of DL DWI were consistently lower than those of conventional DWI. Furthermore, 
the SDs of DL-DWI ADC measurement were significantly lower for all brain locations than those of conventional 
DWI. The lower SD indicates that the ADC values are less scattered and more reliable in the ROI. Several studies 
reported that superior DWI protocols produced lower SDs for ADC measurement3, and a study demonstrated 
SD of ADC ROIs had a negative correlation with visibility in DWI24. Also, the ADC values of focal lesions were 
consistently lower with DL-DWI than conventional DWI, which aligns with previous study3. This result is not 
fully understood, but we believe that possible differences in acquisition protocol between two DWIs might affect 

Figure 5.  Comparison of hypoxic ischemic encephalopathy on conventional DWI and DL-DWI. An 86-year-
old male visited the emergency room with an altered mentality. Conventional DWI revealed subtle DWI 
high-signal-intensities in bilateral basal ganglia, thalami, and cerebral cortex (a) with an equivocal ADC value 
change (b). Correlated location clearly demonstrated on DL-DWI (c) with ADC value changes (d), and the 
patient was diagnosed with hypoxic-ischemic-encephalopathy.

 

Figure 4.  Comparison of tumor on conventional DWI and DL-DWI. A 63-year-old male visited the 
emergency room with symptom of transient left facial palsy. Conventional DWI shows a small DWI high-
signal-intensity lesion in the right frontal cortex (a) with low ADC value (b) with perilesional edema. DL-
DWI (c) demonstrated that this discrete nodular lesion had low value on ADC map (d), and the patient was 
diagnosed with a metastatic tumor.
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the ADC values. However, no solid ground exists for assessing ADC values with DL reconstruction. Future 
studies are needed to assess ADC measurements in DL reconstruction images.

Our study has several limitations. First, selection bias could exist because this study was performed at a 
single referral center with relatively few patients. Further study with larger sample size will be beneficial for 
the validation of DL-DWI. Second, although the neuroradiologists providing ratings were blinded to the 
pulse sequence during the evaluation, they might have noticed the imaging features of each sequence, which 
could cause observer bias. Moreover, the acquisition order could have affected image quality, considering that 
images acquired later in the examination could have more motion artifacts. We tried to minimize bias by (1) 
randomizing the order of acquisition during the study and (2) undergoing not only qualitative analyses but 
also quantitative evaluation. Third, the readers were all experienced neuroradiologists, which could affect the 
diagnostic performance. It would be beneficial to involve readers who are in various stage of experience in 
neuroimaging to investigate more realistic clinical feasibility. Forth, intracranial lesions were not confirmed 
pathologically, but diagnosed patients by clinically with imaging. This might impact diagnostic performance; 
however, we mitigated errors by making the final diagnosis through a comprehensive evaluation of all available 
clinical information, patient progress, and imaging data. Also, we did not account for patients with negative 
imaging but positive symptoms, which could introduce bias in false-negative cases such as transient ischemic 
attack. However, this study is focused solely on comparing the two sequences in cases where a positive lesion 
is present on DWI. Finally, the ADC value can be influenced by specific ROIs, despite our efforts to minimize 
errors, especially within the positive lesion such as acute infarction or tumors. However, we compared the ADC 
values to analyze trends between conventional DWI and DL-DWI, rather than comparing absolute values. 
Larger data studies are needed for standardization.

DWI is one of the most important imaging for diagnosing a wide range of neurologic symptoms to promote 
early intervention11. However, its relatively long examination time and relatively limited accessibility remain 
significant disadvantages. In this study, we speculated that DL-DWI achieved comparable image quality and 
visualization of brain lesions for acute neurological symptoms, with a significantly shorter scan time than 
conventional DWI. Examination time reduction could be one essential step towards providing DWI for an 
increasing number of patients, yielding enormous potential for screening and early intervention for possible 
cerebrovascular events.

Data availability
The datasets used and/or analysed during the current study available from the corresponding author on reason-
able request, but there could be certain process to release the data due to the local policy.
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