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A B S T R A C T   

This study proposed to investigate the optimal selection of b-values in diffusion-weighted imaging 
for distinguishing malignant from benign mediastinal lymph nodes. Diffusion-weighted imaging 
with six b-values was performed on 35 patients at 1.5 T. Image quality score, signal-to-noise ratio, 
and relative contrast ratio of lymph node to chest muscle were compared between the diffusion- 
weighted images with a b-value up to 800 and 1000 s/mm2. Using a lower and an upper b-value 
in the range of 0–1000 s/mm2, eight apparent diffusion coefficient maps were obtained from a 
mono-exponential model. Receiver operating characteristic analysis was employed to evaluate 
the performance of the apparent diffusion coefficients for distinguishing malignant from benign 
mediastinal lymph nodes by using the area under the curve as a criterion. 

The mean image quality score and the relative contrast ratio showed no difference between b- 
values of 800 and 1000 s/mm2. In the receiver operating characteristic analysis, the areas under 
the curve of apparent diffusion coefficient with b-value pairs of (0, 800), (0, 1000), and (50, 800) 
s/mm2 were significantly higher than those from the other b-value pairs. No significant difference 
was observed among the three b-value pairs. Apparent diffusion coefficient obtained from b-value 
pairs of (0, 800), (0, 1000), and (50, 800) s/mm2 showed superior diagnostic performance 
compared to the other b-value combinations. Based on several practical considerations, the b- 
value pair of (50, 800) s/mm2 is recommended for differential diagnosis of mediastinal lymph 
nodes.   

1. Introduction 

With its sensitivity to water diffusion in tissues, diffusion-weighted imaging (DWI) has been widely used to probe changes in 
microstructures, cellularity, and microenvironment during disease progression and regression. This imaging technique is valuable for 
detecting or characterizing a number of tumors [1]. In particular, the importance of DWI for discriminating malignant versus benign 
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lymph nodes has been demonstrated in several studies [2–6]. 
Despite encouraging results, the published studies exhibit a considerable variability in the selection of b-value – a critical parameter 

in DWI for both qualitative and quantitative image interpretation. The inconsistent use of b-values leads to different cut-off thresholds 
of apparent diffusion coefficient (ADC) for discriminating malignant versus benign mediastinal lymph nodes (MLN), causing variable 
and confusing diagnostic performance. To the best of our knowledge, no study has reported the optimal selection of b-values for 
differential diagnosis of MLN using DWI. 

Theoretically, DWI with the highest possible b-value can minimize the effect of T2-shine through (e.g., from blood supply) and 
increase the sensitivity to slow diffusion. Due to the need for preserving signal-to-noise ratio (SNR) and the limitation imposed by the 
gradient strength, b-value in the range of 800 s/mm2 to 1000 s/mm2 is commonly used as an upper bound for evaluating MLN [3,4]. 
When computing ADC, this upper-bound b-value is often employed jointly with a lower b-value, which is needed to suppress the 
perfusion contribution to the signal in vasculature-rich tissues [7]. At present, the choice of the high and low b-value pair is somewhat 
arbitrary. The aim of this study is to investigate the optimal selection of the b-value pair for distinguishing malignant from benign MLN. 

2. Materials and methods 

2.1. Patients 

The institutional review board of Peking University Cancer Hospital and Institute approved this prospective study and written 
informed consent was obtained from all patients. The inclusion criteria were: 1. Presence of enlarged lymph nodes in the mediastinum 
detected by CT (short axis ≥8 mm); 2. Patients with clinically motivated biopsy or resection of MLN for disease diagnosis or treatment; 
3. No invasive examinations or antitumor treatment performed prior to MRI; and 4. No contraindications to MRI scans (e.g., cardiac 
pacemaker, MRI-incompatible surgical clips, metallic implants, or prosthetic devices). The exclusion criteria consisted of: 1. Lack of 
pathologic or other diagnosis of MLN; 2. Hypointensity of the enlarged MLN on T2-weighted images, which is a typical benign feature; 
3. poor quality of DWI images (e.g., excessive motion artifacts, low SNR, etc.); or 4. Insufficient solid area in the MLN for placing a 
region of interest (ROI). Between July of 2014 and June of 2015, a total of 35 subjects met all inclusion criteria and none of the 
exclusion criteria. The detailed characteristics of the patients are summarized in Table 1. 

2.2. Diagnostic criteria 

The pathologic diagnoses of MLN were made by mediastinoscopy or mediastinal lymphadenectomy in 23 cases, transbronchial 
needle aspiration biopsy in 6 cases, CT-guided core-needle biopsy in 4 cases, supraclavicular lymph node resection in 1case. One 
remaining case of sarcoidosis was proven with follow-up radiologic examination after one month of steroid therapy that revealed 
significant regression of the nodules. There were 23 non-small cell lung cancers (NSCLC), including 17 adenocarcinomas, 4 squamous 
cell carcinomas, 1 adeno-squamous carcinoma, and 1 NSCLC without specialized pathological type. A total of 91 nodes from the 35 
patients were analyzed, including 49 malignant and 42 benign nodes. 

2.3. Image acquisition 

All patients were scanned on a 1.5 T Siemens Aera MR scanner (Siemens Healthineers, Erlangen, Germany) with an eight-channel 
phased-array body coil. The MRI examinations were performed with the patients in the supine position by using a stack of 28–36 
transverse slices to cover the mediastinal area of the thorax. Prior to DWI, transverse T2-weighted turbo spin echo (TSE) images with 
ECG-gating were acquired. The key imaging parameters were: TR = 6 R–R intervals, TE = 86 m s, slice thickness = 5 mm, slice gap = 1 
mm, field of view = 32–38 cm, phase FOV = 100%, pixel size ≈1 × 1 mm2, turbo factor = 25, and scan time = 3 min 15 s. 

DWI with six b-values (01, 501, 1001, 2001, 8004, and 10004 s/mm2 with the subscript denoting the number of averages) was 
performed by using a single-shot spin-echo echo-planar imaging sequence in the transverse plane. The slice locations of DWI were 
copied from the T2-weighted images to facilitate anatomic correspondence. For each non-zero b-value, the diffusion gradient was 
applied successively along each of the three orthogonal directions, producing a trace-weighted image to minimize the influence of 
diffusion anisotropy. The other acquisition parameters were: TR = 9600 ms, TE = 62 ms, FOV ≈320–380 mm, FOV phase = 80%, 
bandwidth = 2180 Hz/pixel, pixel size ≈2.3 × 2.3 mm2, slice thickness = 5 mm, slice gap = 1 mm, and scan time = 5 min 55 s for the 
six b-values. 

Table 1 
Patient characteristics and clinical diagnoses.  

Male: Female 16:19 35 (total) 

Age (years) 59.4 ± 9.3 (average) 38–76 (range) 
Malignant diseases NSCLC 23 

Small-cell lung cancer 1 
Lymphoma 2 

Benign diseases Tuberculosis 2 
Inflammation or Granulomatous inflammation 4 
Sarcoidosis 3  
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2.4. Qualitative evaluation 

Diffusion-weighted (DW) images with b-values of 800 s/mm2 and 1000 s/mm2 from the 35 patients were evaluated independently 
by two chest radiologists with reference to T2-weighted images. The images were presented randomly to the readers who were blinded 
of the b-value information. The main factors considered for image quality included SNR, artifacts, and distortion. A 4-point scoring 
scale was used in the qualitative assessment: score = 1 when poor image quality precluded assessment of the target lesions; score = 2 
when image quality was not good but still useable; score = 3 when image had only minor degradation that did not affect lesion 
evaluation; score = 4 when image quality was excellent without any problem noted. 

2.5. Quantitative evaluation 

The diffusion images were analyzed without the knowledge of pathologic results of the lymph nodes under study. An ROI was 
manually placed on the maximum cross-sectional area on the ADC map computed from all b-values (Fig. 1), as recommended by Joo 
et al. [8]. Necrotic regions were excluded from the ROI by verifying against the corresponding T2-weighted image. The mean value of 
ADC among the voxels within the ROI was recorded for each node. Up to three lymph nodes were analyzed from each patient. The 
locations of MLN on the T2-weighted images and the corresponding DW images were paired and labeled in consultation with the 
operating surgeon immediately after the operation, which ensured that the lymph nodes evaluated by pathology matched precisely 
with those studied by imaging. 

The signal intensity (SI) of DW images with b of 800 s/mm2 and 1000 s/mm2 was extracted from each lymph node. To measure the 
background noise, two oval or circular ROIs (>100 mm2) were placed away from the imaged subject in the same slice where the ROI 
for the MLN was drawn. The averaged standard deviation (SD) from the two ROIs was used to calculate the SNR according to the 
following equation:  

SNR=SIlymph_node/SDbackground.                                                                                                                                                    [1] 

To calculate a relative contrast ratio (rCR) of lymph node to chest muscle, an oval or circular ROI in the rhomboid muscle (>20 
mm2) was drawn in the same slice as the MLN under study. The rCR of lymph node to chest muscle was then computed as:  

rCR=(SIlymph_node-SImuscle)/ SImuscle,                                                                                                                                             [2] 

where SI is the signal intensity of the tissue indicated by the subscript. 

2.6. ADC analyses 

Using one b-value in the lower range (i.e., 0–200 s/mm2) and another in the upper range (i.e., 800 or 1000 s/mm2), a total of eight 
ADC maps were obtained from a mono-exponential diffusion model:  

Shigh = Slow × e -Δb(ADC),                                                                                                                                                           [3] 

where Shigh and Slow are the signal intensities corresponding to the high and low b-value images, respectively, and Δb = bhigh-blow. 

2.7. Statistical analyses 

Statistical analyses were conducted using SPSS software version 24.0 (SPSS/IBM, Chicago, IL, USA) and MedCalc version 12.3.0.0 
(MedCalc Software, Mariakerke, Belgium). A Mann-Whitney U test was used to detect the difference in image-quality score between 
DWI with b-values of 800 s/mm2 and 1000 s/mm2, followed by a paired-t test to detect differences in rCR between the DW images 
acquired with the two b-values. To compare the difference in SNR and rCR between the benign and the malignant groups with either b- 
value, a Mann-Whitney U test was employed for non-normal distributions. For normal distributions, an independent sample t-test was 

Fig. 1. An illustration of an ROI drawn over a mediastinal lymph node on the ADC map.  
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used instead to detect differences in ADCs computed from all b-value pairs between malignant and benign lymph nodes. A receiver 
operating characteristic (ROC) analysis was employed to evaluate the performance of each of the ADC maps obtained from different b- 
value pairs. The area under the ROC curves (AUC) was compared using a DeLong method, and the optimal cutoff value was determined 
at the maximum Youden index. A weighted kappa coefficient was calculated to evaluate inter-observer agreement. 0.00–0.20, 
0.21–0.40, 0.41–0.60, 0.61–0.80, 0.81–1.00 were considered as poor, fair, moderate, substantial and perfect agreement, respectively. 
In all analyses, statistical significance was declared when p < 0.05. 

3. Results 

Fig. 2 shows a set of representative DW images acquired with four b-values in the lower range (0–200 s/mm2) and two in the upper 
range (800–1000 s/mm2). The images were obtained from a patient with a histologically confirmed benign MLN at station 4R. One b- 
value in the lower range and another in the upper range were used to calculate ADC according to Equation [3], resulting in a total of 
eight ADC maps as shown in Fig. 3 for this representative patient. 

3.1. Qualitative evaluation 

All DW image quality scores were 2 or above. The mean score with b-value of 800 s/mm2 showed no significant difference from that 
with b-value of 1000 s/mm2 (3.51 ± 0.65 vs 3.43 ± 0.70, p = 0.291). A moderate inter-observer agreement was observed with Kappa 
value of 0.547, 0.511 for DW image with b-value of 800 s/mm2 and 1000 s/mm2, respectively. 

3.2. Quantitative evaluation 

As expected, the mean SNRs with b-value of 800 s/mm2 were higher than that with b-value of 1000 s/mm2 for both benign and 
malignant MLN (37.35 vs 34.01; 129.50 vs 108.80, respectively). In addition, the coefficient of variation (CV) of SNR on DW images 
with b = 800 s/mm2 was smaller than that with b = 1000 s/mm2 for both the benign and malignant groups (0.48 vs 0.54; 0.62 vs 0.80). 

The rCR (i.e., lymph node to chest muscle) showed no difference between DW images with b = 800 s/mm2 and 1000 s/mm2 (p =
0.058). However, the rCR between the malignant and benign groups differed significantly with either b = 800 s/mm2 (3.17 ± 1.17 vs 
0.70 ± 0.63; p < 0.001) or b = 1000 s/mm2 (3.37 ± 2.04 vs 0.76 ± 0.56; p < 0.001), as shown in Fig. 4. 

3.3. ADC and ROC analysis 

The mean ADC value of the malignant MLN was significantly lower than that of the benign group for all b-value pairs except for 
(200, 1000 s/mm2) (p = 0.06 for 200–1000 s/mm2; p ≤ 0.001 for all other b-value pairs). 

The results from the ROC analysis are summarized in Table 2 and Fig. 5. The ADC computed with b-values of (0, 800 s/mm2) 
produced the largest AUC (0.941), which matched the AUC when all b-values were used to obtain ADC. In addition, the b-value pairs of 
(0, 1000 s/mm2) and (50, 800 s/mm2) produced a higher AUC (≥0.888) than the remaining b-value pairs for differentiating malignant 
from benign MLN. 

Fig. 2. A set of representative DW images acquired with four b-values in the lower range (0–200 s/mm2) and two in the upper range (800–1000 s/ 
mm2), as annotated. The patient had a histologically confirmed benign MLN at station 4R (white arrow). 
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The AUC results obtained from different b-value pairs (with p < 0.05 for MLN differentiation) are further compared in Table 3 
where the p-values for different comparisons are shown. The AUCs of ADC with b-value pairs of (0, 800 s/mm2), (0, 1000 s/mm2), (50, 
800 s/mm2), as well as with all b-values, were higher than the others, but exhibited no significant difference among these b-value 
combinations. The AUC of ADC with b of (200, 800 s/mm2) was significantly lower than the other AUCs. The AUCs of ADC with b of 
(100, 800 s/mm2) and (100, 1000 s/mm2) were statistically different from those with b-value pairs of (0, 800 s/mm2), (0, 1000 s/ 
mm2), as well as with all b-values, except for the AUCs between b-value pairs of (100, 800 s/mm2) and (0, 1000 s/mm2). 

For the three b-value pairs that gave larger AUCs (i.e., AUC ≥0.888), the cut-off values of ADC, sensitivity, specificity, and 
diagnostic accuracy are listed in Table 4. For comparison, the descriptive statistics when all b-values were used is also included in the 
table. With a cutoff value of 1.66 × 10− 3 mm2/s, the ADC with the b-value pair of (0, 800 s/mm2) provided the highest diagnostic 
sensitivity (90.5%), specificity (89.8%) and diagnostic accuracy (89.0%), surpassing the performance even when all b-values were 
used. This finding can be further seen in the ROC curves in Fig. 4. 

4. Discussion 

Although DWI based on two b-values has been suggested for differentiating malignant versus benign MLN, there has not been a 

Fig. 3. A set of eight ADC maps computed with different b-value pairs using one b-value in the lower range (0–200 s/mm2) and another in the upper 
range (800 or 1000 s/mm2) for the representative patient in Fig. 1. The units of b-values in the figure are s/mm2. 
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Fig. 4. Relative contrast ratio (rCR) between lymph nodes and chest muscle for the benign (green) and malignant (blue) groups, as measured from 
the DW images with b-value of 800 s/mm2 (left) and 1000 s/mm2 (right). 

Table 2 
AUC from an ROC analysis on the ADC values obtained from different b-value pairs for differentiating malignant from benign 
MLNs.  

b-value pair (s/mm2) AUC p-value 95% CI 

0, 800 0.941 <0.001 0.896–0.987 
0, 1000 0.924 <0.001 0.873–0.974 
50, 800 0.888 <0.001 0.820–0.957 
50, 1000 0.809 <0.001 0.721–0.897 
100, 800 0.844 <0.001 0.760–0.927 
100,1000 0.760 <0.001 0.660–0.861 
200, 800 0.675 0.004 0.562–0.788 
200,1000 0.615 0.060 0.496–0.733 
multi-b 0.941 <0.001 0.897–0.985 

“Multi-b” indicating ADC obtained from all b-values. 

Fig. 5. ROC curves of using ADC obtained from different b-value pairs for differentiating malignant from benign MLNs. For comparison, the ROC 
curve of using ADC obtained from all b-values is also shown and labeled as “multi-b”. In the figure legend, the units for the b-values are s/mm2. 
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comprehensive study on how to select the b-values to achieve an optimal result. This study demonstrates that three b-value pairs, (0, 
800 s/mm2), (0,1000 s/mm2), and (50, 800 s/mm2) outperformed the other b-value combinations in the range of b = 0–1000 s/mm2. 
In addition, we have observed no difference in image-quality scores or rCR between the DW images acquired with b-value of 800 and 
1000 s/mm2, and significance differences in rCR and ADC between malignant and benign MLN with either b-value. These results, 
although empirical in nature, fill in a knowledge gap and can help improve the reliability of using DWI for discriminating malignant 
versus benign MLN. 

When choosing proper b-values, the SNR and contrast should be considered [9,10]. A higher b-value typically results in a reduced 
SNR not only because of increased signal attenuation due to diffusion but also increased TE (hence additional signal loss due to T2 
decay) when the maximal gradient strength is used, as is often the case for DWI. For these reasons, the upper limit for this study was set 
at 1000 s/mm2, which is consistent with the majority of clinical DWI protocols [11,12]. Contrast in lesion detection with respect to the 
background tissues is another important consideration when choosing an optimal b value in DWI [7,13–16]. We investigated the rCR 
between lymph nodes and chest muscle, and observed no difference in rCR between DW images with b-values of 800 s/mm2and 1000 
s/mm2, likely because of the potential gain in rCR at the higher b-value was masked by the reduced SNR. 

ADC measurement has been increasingly applied to differential diagnosis of malignant versus benign diseases [1,3,4,17]. Our 
results showed that the mean ADC of malignant MLN was significantly lower than that of the benign lesions for all b-value pairs 
investigated except for (200, 1000 s/mm2). These results are largely consistent with what was reported in previous studies [2,5,6,18, 
19]. Malignant lymph nodes have denser cellularity, higher nucleus-to-cytoplasm ratios, and more limited extracellular space 
compared to inflammatory lymph nodes and benign hyperplasia, as pathologically proven in a metastatic breast cancer model [20]. It 
is worth noting that a low ADC can be also observed in lesions (e.g., fibrosis) other than tumor. Therefore, in this study we excluded 
MLN exhibiting low signal (caused by fibrosis or calcification) on T2-weighted images. With this exclusion, an AUC as high as 0.941 
was achieved with the b-value pair of (0, 800 s/mm2), indicating an excellent diagnostic accuracy. 

Similar performance in AUC was also observed in two other b-value pairs: (50, 800 s/mm2) and (0, 1000 s/mm2). These results 
suggest that all the three b-value pairs could be used for DWI to discriminate MLN. Inclusion of b = 0 s/mm2 as the lower bound can 
make the DWI protocol susceptible to perfusion effects as dictated by the IVIM model [21] and an upper bound of b = 1000 s/mm2 can 
suffer from additional SNR loss. Because of these reasons, the b-value pair of (50,800 s/mm2) is recommended within the range of 
b-values we have investigated. 

In a previous study [22], a b-value set of 250–1000 s/mm2 was suggested to obtain ADC free from perfusion for characterizing 
non-small cell lung cancer. In another study, it was recommended that at least two b-values should be used to measure ADC with one 
b-value greater than100 s/mm2 and the other between 500 and 1000 s/mm2. Contrary to these recommendations, our result showed 
that ADCs computed from b-value pairs of (200, 1000), (200, 800), (100, 800) and (100, 1000) s/mm2 showed poorer diagnostic 
performance for differential diagnosis of MLN. One possible explanation is that MLNs are embedded in mediastinal fat which has 
relatively low blood supply. Thus, the influence from perfusion effect is less profound comparing to other organs, allowing a lower 
b-value (0 or 50 s/mm2) be used for differential diagnosis of MLN. 

ADC can also be determined by using more than two b-values, as we have investigated in this study. Although this approach can 
improve the robustness and reliability of ADC, multiple b-values lead to longer acquisition times and increased vulnerability to patient 
motion, both of which can be problematic clinically. Our results indicate that an optimal selection of two b-values can provide similar 
performance to the approach with multiple b-values, facilitating a time-efficient DWI acquisition in clinical settings. 

A limitation of this study is that DWI with b-values larger than 1000 s/mm2 was not investigated. At a higher b-value, non-Gaussian 
diffusion phenomena can be observed, leading to a wealth of information on tissue microstructures and heterogeneities [17,23–28]. 

Table 3 
Summary of the p-values when comparing AUC of ADC obtained from different b-values.  

ADC with multi-b 0,800 0,1000 50,800 50,1000 100,800 100,1000 200, 800 

multi-b NA 0.9751 0.3901 0.9751 0.001 0.0109 <0.001 <0.001 
0, 800 – NA 0.3515 0.1213 0.058 0.0219 0.0013 <0.001 
0, 1000 – – NA 0.3503 0.041 0.0645 0.001 <0.001 
50, 800 – – – NA 0.007 0.2674 0.0195 0.0001 
50, 1000 – – – – NA 0.6133 0.2958 0.0136 
100, 800 – – – – – NA 0.0155 0.018 
100,1000 – – – – – – NA 0.1594 

“Multi-b” indicating ADC obtained from all b-values. 

Table 4 
Diagnostic performance of using ADC to differentiate malignant from benign MLNs.  

ADC with cut off ( × 10− 3 mm2/s) sensitivity specificity accuracy 

0, 800 1.66 90.5 89.8 89.0 
0, 1000 1.52 90.5 79.6 84.6 
50, 800 1.55 76.2 89.8 84.6 
multi-b 1.43 81.6 88.1 85.7 

“Multi-b” indicating ADC obtained from all b-values. 
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This represents a direction for future studies. Another limitation is that we did not compare our results with the results from the IVIM 
model [5]. Such a comparison may provide new insights into the optimal use of information from DWI acquisitions. In addition, 
PET-CT is another widely used noninvasive diagnostic tool for evaluating mediastinal lymph node. The present study did not compare 
DWI with PET-CT. Lastly, the sample size of this study was small and lacked an external validation. 

In conclusion, we have observed that ADC obtained from b-value pairs of (0, 800), (0, 1000), and (50, 800) s/mm2 showed superior 
diagnostic performance compared to the other b-value combinations investigated in this study. Among the three combinations, b-value 
pair of (50, 800) s/mm2 appears to be optimal because of its reduced sensitivity to perfusion perturbations as well as advantage in SNR. 
These results are expected to provide a useful guidance to conduct DWI with two b-values for differential diagnosis of MLN in clinical 
settings. 
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