

[image: image1]
Value of IVIM in Differential Diagnoses between Benign and Malignant Solitary Lung Nodules and Masses: A Meta-analysis












	
	SYSTEMATIC REVIEW
published: 01 June 2022
doi: 10.3389/fsurg.2022.817443






[image: image2]

Value of IVIM in Differential Diagnoses between Benign and Malignant Solitary Lung Nodules and Masses: A Meta-analysis

Yirong Chen1,2†, Qijia Han2†, Zhiwei Huang1,2, Mo Lyu2,3, Zhu Ai2, Yuying Liang2, Haowen Yan4, Mengzhu Wang5 and Zhiming Xiang2*

1Graduate School, Guangzhou University of Chinese Medicine, Guangzhou, China

2Department of Radiology, Guangzhou Panyu Central Hospital, Guangzhou, China

3School of Life Sciences, South China Normal University, Guangzhou, China

4Department of Oncology, Guangzhou Panyu Central Hospital, Guangzhou, China

5Department of MR Scientific Marketing, Siemens Healthineers, Guangzhou, China

Edited by:
Francesco Giovinazzo, Agostino Gemelli University Polyclinic (IRCCS), Italy

Reviewed by:
Shi Changzheng, First Affiliated Hospital of Jinan University, China
Jinglei Li, Guangdong Provincial People’s Hospital, China

*Correspondence: Zhiming Xiang xiangzhiming@pyhospital.com.cn

†These authors have contributed equally to this work

Specialty section: This article was submitted to Surgical Oncology, a section of the journal Frontiers in Surgery

Received: 18 November 2021
Accepted: 09 May 2022
Published: 01 June 2022

Citation: Chen Y, Han Q, Huang Z, Lyu M, Ai Z, Liang Y, Yan H, Wang M and Xiang Z (2022) Value of IVIM in Differential Diagnoses between Benign and Malignant Solitary Lung Nodules and Masses: A Meta-analysis.
Front. Surg. 9:817443.
doi: 10.3389/fsurg.2022.817443



Purpose: This study aims to evaluate the accuracy of intravoxel incoherent motion diffusion-weighted imaging (IVIM-DWI) in distinguishing malignant and benign solitary pulmonary nodules and masses.



Methods: Studies investigating the diagnostic accuracy of IVIM-DWI in lung lesions published through December 2020 were searched. The standardized mean differences (SMDs) of the apparent diffusion coefficient (ADC), tissue diffusivity (D), pseudo-diffusivity (D*), and perfusion fraction (f) were calculated. The sensitivity, specificity, area under the curve (AUC), publication bias, and heterogeneity were then summarized, and the source of heterogeneity and the reliability of combined results were explored by meta-regression and sensitivity analysis.



Results: A total of 16 studies including 714 malignant and 355 benign lesions were included. Significantly lower ADC, D, and f values were found in malignant pulmonary lesions compared to those in benign lesions. The D value showed the best diagnostic performance (sensitivity = 0.90, specificity = 0.71, AUC = 0.91), followed by ADC (sensitivity = 0.84, specificity = 0.75, AUC = 0.88), f (sensitivity = 0.70, specificity = 0.62, AUC = 0.71), and D* (sensitivity = 0.67, specificity = 0.61, AUC = 0.67). There was an inconspicuous publication bias in ADC, D, D* and f values, moderate heterogeneity in ADC, and high heterogeneity in D, D*, and f values. Subgroup analysis suggested that both ADC and D values had a significant higher sensitivity in “nodules or masses” than that in “nodules.”



Conclusions: The parameters derived from IVIM-DWI, especially the D value, could further improve the differential diagnosis between malignant and benign solitary pulmonary nodules and masses.



Systematic Review Registration: https://www.crd.york.ac.uk/PROSPERO/#myprospero, identifier: CRD42021226664
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INTRODUCTION

Lung cancer is the leading cause of cancer-related deaths worldwide, with 1.8 million deaths (18%) reported in 2020 (1). Lung cancer has a poor prognosis; at the time of diagnosis, approximately 70% of patients are already at an advanced stage, and more than half of the people diagnosed with lung cancer die within one year of diagnosis. The 5-year survival is <18% (2, 3).

Early detection and characterization of solitary pulmonary lesions, especially the differentiation of benign and malignant pulmonary nodules, is important for risk assessment and management strategies. Low-dose CT (LDCT), which uses less radiation than a standard chest CT, has been proven effective in detecting early lung cancer and reducing mortality, especially among patients considered to be at high risk (4). Moreover, with the wide application of LDCT, an increase in the numbers of pulmonary nodules with unclear malignant tendencies has been observed, in turn affecting the treatment strategy (5, 6). Yet, the major limitations of the LDCT are (a) inability to differentiate benign from malignant pulmonary lesions (7, 8), (b) being unsuitable for long-term LDCT screening programs (due to cumulative radiation doses) (9), and (c) only suitable for certain patients (e.g., it is not recommended for pregnant women).

Diffusion-weighted imaging (DWI), a magnetic resonance imaging (MRI) method free from ionizing radiation and that requires no intravenous contrast agent, is based upon measuring the random Brownian motion of water molecules within a voxel of tissue, indicating changes at the cellular level (10). The apparent diffusion coefficient (ADC) value of DWI is usually lower in malignant lesions than that in benign lesions. However, ADC of conventional monoexponential DWI is not accurate enough to reflect the real diffusivity due to the influence of microcirculation (11, 12).

More recently, intravoxel incoherent motion (IVIM), proposed by Bihan et al. (13) in 1988 to distinguish the influence of the random microscopic motion of water molecules and the microcirculation of blood by applying a biexponential signal equation model, has been recently applied to distinguish benign and malignant pulmonary lesions, showing promising results. Nonetheless, the number of related studies is insufficient to provide faithful results, so its application is still debatable. Thus, the aim of this study was to systematically assess the diagnostic performance of IVIM-DWI in differentiating benign and malignant nodules and masses using meta-analysis.



METHODS


Literature Search

Studies published through December 2020 in English or Chinese in PubMed, Web of Science, Cochrane Library, and China National Knowledge Infrastructure databases were searched. The following keywords were applied: (Lung Neoplasm OR Pulmonary Neoplasm OR Lung Cancer OR Pulmonary Cancer) AND (Intravoxel Incoherent Motion OR IVIM OR multiple b-value DWI OR biexponential). Reference lists of qualified studies were also manually searched.



Study Selection

The following inclusion criteria were applied in study selection: (a) IVIM-DWI was used for differentiation of benign and malignant solitary pulmonary nodules and masses; (b) exploring the diagnostic performance of IVIM-DWI was the main purpose of the study; (c) the pathological evidence was used as diagnosis criteria; (d) the sensitivity and specificity about diagnostic performance were provided or enough information was reported to calculate the numbers of true-positive (TP), false-negative (FN), false-positive (FP), and true-negative (TN). The exclusion criteria were the following: (a) reviews, meta-analyses, conference abstracts, or dissertations; (b) duplication with the same study data from the same institutions; and (c) animal experiments.



Data Extraction

The mean values and standard deviation (SD), sensitivity, specificity, threshold, and area under the curve (AUC), which presented the diagnostic performance of ADC, D, D*, and f values, were extracted. Other information, including the first author, year of publication, study design, number and age of patients, field strength and vendors, b values, repetition time, and echo time, were also analyzed. Data extraction was performed by one author and reviewed by another author. TP, FP, FN, and TN data were calculated when the numbers of malignant lung lesions and benign lung lesions and the sensitivity and specificity were provided.



Quality Assessment

We assessed the quality of each included study using the Quality Assessment of Diagnostic Accuracy Studies-2 (QUADAS-2) (14), which includes four domains (patient selection, index test, reference standard, and flow and timing); each domain is answered with “yes,” “no,” or “unclear.” In our study, IVIM-DWI was designed as the index test and histopathologic confirmation as the reference standard. All assessment results were then imported into RevMan version 5.3 (The Nordic Cochrane Centre, Copenhagen, Denmark).



Publication Bias and Heterogeneity Evaluation

Publication bias of continuous variables was assessed by Funnel plots, Begg’s test, and Egger’s test; publication bias of diagnostic performance was assessed by Deek’s plot using Stata version 14.0 (Stata Corp, College Station, TX, USA). An asymmetric or skewed funnel plot, p < 0.05 of Begg’s test or Deek’s test, was used to demonstrate the possibility of publication bias (15). The heterogeneity of included studies was evaluated by the inconsistency index (I2) and Cochran’s Q-tests. A random-effects model was applied in subsequent pooling when I2 > 50% or p < 0.05 for Cochran’s Q-test (suggesting statistically significant heterogeneity); the fixed-effects model was used when I2 < 50% (16).



Meta-Regression and Subgroup Analysis

The Spearman correlation between the logit of sensitivity and the logit of 1−specificity was used to assess the threshold effect by Meta-DiSc version 1.4 (Universidad Complutense, Madrid, Spain); the threshold effect is one of the primary causes of heterogeneity in diagnosis-accuracy studies. A value of p < 0.05 for Spearman correlation analysis indicated the potential of a threshold effect. If heterogeneity resulting from the threshold effect was found, data were pooled by fitting a hierarchical summary receiver operating characteristic curve (HSROC), and the curve was pooled through the area under the receiver operating characteristic curve (AUC). Other factors may also contribute to heterogeneity in diagnosis-accuracy studies except for the threshold effect. Meta-regression of diagnostic performances was used to explore other factors (including study designs, lesion types, and machine types) that could significantly influence diagnostic values. Pooling could be performed in the homogeneous subgroup only if heterogeneity was related to other factors instead of the threshold effect. The sensitivity analysis was used to evaluate the stability and reliability of the combined results of meta-analysis and whether the combined results were significantly affected by a single study. Therefore, the sensitivity analysis was carried out by reducing one article at a time using Stata Version 14.0.



Data Synthesis

Forest plots were used for continuous variables, and the standardized mean difference (SMD) between malignant lesions and benign lesions was calculated by RevMan Version 5.3. The diagnostic performances, including sensitivity, specificity, positive likelihood ratio (PLR), negative likelihood ratio (NLR), diagnostic odds ratio (DOR), and the area under the receiver operating characteristic curve (AUC), were pooled by a bivariate regression model using the Stata Version 14.0. The likelihood ratio and post-test probability were also significant to disease diagnosis (17), presenting the possibility that a patient was diagnosed with a certain disease using MRI parameters (18). The summary receiver operating characteristic curves (SROCs) and Fagan’s nomograms were also used to evaluate the diagnostic values and predict post-test probabilities of ADC, D, D*, and f values.




RESULTS


Literature Search and Selection

A total of 310 studies were obtained, after which 133 duplication studies were excluded. Next, the titles and abstracts were screened, which led to exclusion of 139 additional studies (study reviews, meta-analysis, dissertations, or those where IVIM-DWI was not the main diagnosis measurement). We scanned the full texts of the remaining 38 studies in detail and excluded 22 studies for the following reasons: (a) a lack of sufficient data, (b) low-quality assessment, and (c) IVIM-DWI was applied for other purposes. Finally, 16 eligible studies (19–34) comprising 714 malignant and 355 benign lesions were included in the analysis. A flowchart of the study selection process is shown in Figure 1. The basic information and diagnostic performance of each study are presented in Tables 1 and 2, respectively.


[image: Figure 1]
FIGURE 1 | Flowchart detailing the study selection process. Sixteen studies that met the inclusion criteria were finally included. FN, false negative; FP, false positive; TN, true negative; TP, true positive.



TABLE 1 | Basic information for each study.
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TABLE 2 | Diagnostic performance for each study.
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Quality Assessment

The outcome of the QUADAS 2 assessment is shown in Figure 2. The overall quality of included studies was acceptable. Six studies were marked as “unclear” since their patient selection method was unclear. In the index test domain, six studies were marked as “unclear or “high risk of bias” because of the uncertainty concerning the process of interpreting result, and four studies because of the uncertainty concerning whether a threshold was prespecified or not while being used. Applicability of the index test showed unclear concern because threshold values of some parameters were missing (n = 5). Eight studies were marked as “unclear” in the reference standard domain since the application of the blind method while interpreting the gold standard result was unclear. In the flow and timing domain, 10 studies were marked as “unclear” or “high risk of bias” due to ambiguity related to the existence of an appropriate time interval between the index test and the reference standard; four of these ten studies were marked as high risk of bias, three (25, 30, 33) due to inconsistent application of the reference standard and one (28) due to the fact that four patients were excluded from statistical analysis.


[image: Figure 2]
FIGURE 2 | (A) Methodological quality summary. (B) Methodological quality graph.




Publication Bias and Heterogeneity Analysis

Funnel plots of ADC, D, D*, and f values are shown in Figure 3. All funnel plots were symmetrical, and both Begg’s test (p = 0.592, 0.542, 0.350, and 0.464 for ADC, D, D*, and f values, respectively) and Egger’s test (p = 0.370, 0.830, 0.759, and 0.617 for ADC, D, D*, and f values, respectively) showed no positive results, suggesting no obvious publication bias in ADC, D, D*, and f values.


[image: Figure 3]
FIGURE 3 | Funnel plots. (A) Apparent diffusion coefficient (ADC value); (B) tissue diffusivity (D value); (C) pseudo-diffusivity (D* value); and (D) perfusion fraction (f value).


In the heterogeneity analysis, Cochran’s Q-test suggested moderate heterogeneity in ADC (I2 = 66% and p = 0.001 < 0.05) and high heterogeneity in the D value (I2 = 74% and p < 0.001), D* value (I2 = 82% and p < 0.001), and f value (I2 = 79% and p < 0.001). Threshold effect analysis was performed by a Spearman rank correlation test and determined to be 0.252 (p = 0.429), 0.132 (p = 0.667), −0.252 (p = 0.548), and 0.370 (p = 0.263) for ADC, D, D*, and f values, respectively, indicating no threshold effect causing the variations in the diagnosis accuracy estimates.



Quantitative Analysis


Differential Diagnosis of Solitary Pulmonary Nodules and Masses by ADC

Eleven studies on ADC applied in differentiating solitary pulmonary nodules and masses were included in the analysis. The forest plot in Figure 4 presents the distribution of ADC between the malignant and the benign. An SMD of −1.21 [95% CI, −1.53, −0.89] (p < 0.001) between the malignant and the benign was calculated by a random-effects model.


[image: Figure 4]
FIGURE 4 | Forest plot of the mean value of the apparent diffusion coefficient (ADC) between malignant and benign pulmonary nodules and masses.




Differential Diagnosis of Solitary Pulmonary Nodules and Masses by the D Value

Thirteen studies on the D value used to distinguish solitary pulmonary nodules and masses were included for analysis. The forest plot in Figure 5 presents the distribution of the D value between the malignant and benign lesions. An SMD of −1.08 [95% CI, −1.41, −0.76] (p < 0.001) between the malignant and benign lesions was calculated by a random-effects model.


[image: Figure 5]
FIGURE 5 | Forest plot of the mean value of the tissue diffusivity (D value) between malignant and benign pulmonary nodules and masses.




Differential Diagnosis of Solitary Pulmonary Nodules and Masses by the D* Value

Twelve studies on the D* value used to differentiate solitary pulmonary nodules and masses were included for analysis. The forest plot in Figure 6 presents the distribution of the D* value between the malignant and benign nodules and masses. An SMD of −0.02 [95% CI, −0.41, 0.37] (p > 0.05) between the malignant and benign nodules and masses was calculated by a random-effects model.


[image: Figure 6]
FIGURE 6 | Forest plot of the mean value of the pseudo diffusivity (D* value) between malignant and benign pulmonary nodules and masses.




Differential Diagnosis of Solitary Pulmonary Nodules and Masses by the f Value

Thirteen studies on the f value used to differentiate solitary pulmonary nodules and masses were included for analysis. The forest plot in Figure 7 presents the distribution of the f value between the malignant and benign lesions. An SMD of −0.44 [95% CI, −0.7, −0.09] (p < 0.05) between the malignant and benign lesions was calculated by a random-effects model.


[image: Figure 7]
FIGURE 7 | Forest plot of the mean value of the perfusion fraction (f value) between malignant and benign pulmonary nodules and masses.





Meta-Regression and Subgroup Analysis

There was no statistical difference concerning the influence of study designs, machine types, and lesion types on pooled ADC, D, D*, and f values (all P’s > 0.05). There was a significant difference concerning study design in the D value (p = 0.04). The SMD of the D value between malignant and benign lesions of the prospective study (−0.96 [95% CI, −1.14, −0.78]) was significantly larger than that of the retrospective study (−1.63 [95% CI, −1.98, −1.29]).

We then explored the potential factors (apart from the threshold effect) that caused the heterogeneity of ADC, D, D*, and f values with meta-regression analysis (Table 3). For ADC, the pooled sensitivity of study designs (“prospective design” vs. “retrospective design”) (p < 0.001), lesion types (“nodules” vs. “nodules or masses”) (p < 0.001), and machine types (“3.0 T” vs. “1.5 T”) (p < 0.01) was statistically significant. For the D value, pooled sensitivity of lesion types (p < 0.001) was statistically significant. For the f value, the pooled sensitivity of machine types was statistically significant (p < 0.05).


TABLE 3 | Results of multiple univariate meta-regression and subgroup analysis.

[image: Table 3]



Sensitivity Analysis

Table 4 shows the combined DOR and 95% CI calculated by eliminating a study at a time. Regardless of which study was eliminated, the combined DOR did not significantly change, indicating that the result of this analysis was not excessively dependent on one certain study and that the conclusion was stable.


TABLE 4 | Influence of each study on the outcome of the meta-analysis.

[image: Table 4]



Diagnostic Performance

The results of pooled analysis of ADC, D, D*, and f values are shown in Table 5. Deeks’ funnel plots (Figure 8) suggested no obvious publication bias in ADC, D, D*, and f values (p = 0.29, 0.26, 0.06, and 0.41, respectively). Figure 9 shows the summary receiver operating characteristic curves of ADC, D, D*, and f values. The D value showed the best diagnostic performance (sensitivity = 0.90; specificity = 0.71; AUC = 0.91), followed by ADC (sensitivity = 0.84; specificity = 0.75; AUC = 0.88), f value (sensitivity = 0.70; specificity = 0.62; AUC = 0.71), and D* value (sensitivity = 0.67; specificity = 0.61; AUC = 0.67).


[image: Figure 8]
FIGURE 8 | Deeks’ funnel plots regarding the diagnostic performance for the (A) apparent diffusion coefficient (ADC value); (B) tissue diffusivity (D value); (C) pseudo-diffusivity (D* value); and (D) perfusion fraction (f value).



[image: Figure 9]
FIGURE 9 | Summary receiver operating characteristic (SROC) curve of the (A) apparent diffusion coefficient (ADC value); (B) tissue diffusivity (D value); (C) pseudo-diffusivity (D* value); and (D) perfusion fraction (f value).



TABLE 5 | Pooled estimates and heterogeneity measures for ADC, D, D*, and f value.

[image: Table 5]



Post-Test Probabilities

Fagan’s nomograms of ADC, D, D*, and f values were used to predict post-test probabilities (Figure 10). All the pretest probabilities were set to 20% by default. Lower ADC and D values corresponded to a positive event associated with diagnosis of malignant pulmonary nodules and masses. An adverse event associated with benign nodules and masses corresponded to higher ADC and D values. The post-test probability increased to 46% with a PLR of 3.0 and decreased to 5% with an NLR of 0.21. Therefore, the diagnostic preference for malignant pulmonary lesions improved when using the ADC (a lower ADC). In contrast, when an adverse event occurred (a higher ADC), the probability of diagnosing malignant pulmonary lesions considerately decreased to 5%. Likewise, the post-test probability for a positive issue was 44% with a PLR of 3.0 and plunged to 3% with an NLR of 0.14 using the D value. The post-test probability of a positive issue was 30% with a PLR of 2.0 and decreased to 12% with an NLR of 0.54 by using the D* value. The post-test probability of a positive issue was 32% with a PLR of 2.0 and decreased to 11% with an NLR of 0.48 by using the f value. These data suggested that both ADC and IVIM parameters were useful in improving the accuracy of differentiating benign and malignant pulmonary nodules and masses.


[image: Figure 10]
FIGURE 10 | Fagan’s nomogram of the (A) apparent diffusion coefficient (ADC value); (B) tissue diffusivity (D value); (C) pseudo-diffusivity (D* value); and (D) perfusion fraction (f value).





DISCUSSION

This meta-analysis assessed the diagnostic performance of IVIM-DWI for the differential diagnosis of solitary pulmonary masses and nodules. The pooled results suggested that the D value of IVIM-DWI had better diagnostic performance compared with the monoexponential ADC value.

Various aspects were assessed, including the threshold effect, meta-regression, subgroup analysis, and sensitivity analysis. Thus, the analysis and the outcomes were more precise and convincing.

The SMDs of ADC, D, and f values in malignant lesions were lower than those in benign lesions with statistical significance. The ADC value quantitatively expresses the diffusion characteristic of tissues; the ADC value is associated with tissue cellularity, cell density, and extracellular–intracellular components. A lower ADC value of malignant tissue usually results from the microstructural environment with dense cell membranes, larger cell nucleus, and higher cellular density acting as a diffusion barrier that characterizes the malignant lesion (35).

The D value, which represents the pure diffusion coefficient, negatively correlates with tumor cellularity (36). The D* value is proportionate to the blood velocity and capillary segment length in IVIM theory (13). The increased D* value may result from the angiogenesis of immature vessels in lung cancer, leading to larger blood flow velocity and capillary segment length in lung cancer (20). Since increasing angiogenesis is also a characteristic of benign lesions, higher D* may also be seen in benign lesions (37). The f value primarily reflects the proportion of blood perfusion in the whole diffusion movement of the tumor and could represent the percentage of capillary capacity in the voxel range to the whole tissue volume (38). Previous studies suggested a higher f value in benign lesions compared to that in malignant lesions (20, 30). This may be because many benign lesions are seen as inflammatory granulomas or sclerosing hemangiomas with hypervascular features. However, the relaxation effects and the T2 may also be another potential cause affecting the f value. In addition, previous studies have suggested that the f value has no significant characteristics in differentiating lung cancer from benign lesions (20, 28). The homogeneity test showed moderate or high heterogeneity with reference to the sensitivity or specificity of each parameter. In this case, it was not enough to just pool sensitivity or specificity, but it was essential to explore the sources of heterogeneity (including threshold effect) in a meta-analysis. Thus, the sources of heterogeneity were investigated in this meta-analysis.

In this study, no threshold effect was found in the analysis by the Spearman correlation coefficient, suggesting that there might be other sources that cause the heterogeneity. Thus, we explored the potential factors regarding study designs, lesion types, and machine types in the meta-regression analysis. The statistical significance was found in the pooled sensitivity of study designs (“retrospective study” vs. “prospective study”), lesion types (“nodules” vs. “nodules or masses”), and machine types (“3.0 T” vs. “1.5 T”), concerning the ADC value, in the pooled sensitivity of lesion types concerning the D value, and in the pooled sensitivity of machine types concerning the f value. This indicates that these factors may result in heterogeneity. Furthermore, in the subgroup analysis of the ADC value, significant differences were found in the sensitivity of study designs, lesion types, and machine types, suggesting that ADC had higher sensitivity in “retrospective study” than that in “prospective study,” in “nodules or masses” than that in “nodules,” and in “3.0 T” than that in the “1.5 T” MRI scanner. In the subgroup analysis of the D value, the statistically significant difference was found in the sensitivity of lesion types, suggesting a higher sensitivity in “nodules and masses” compared to that in “nodules.” In the subgroup analysis of the f value, the significant difference was found in the sensitivity of the machine type, suggesting that the f value had higher sensitivity in “1.5 T” than that in the “3.0 T” MRI scanner. No significant change was found in the combined DOR while excluding any one of these studies, indicating the results of our meta-analysis were generally stable and reliable.

The study design was likely to cause heterogeneity since bias and confounding are more common in “retrospective studies” than in “prospective studies” (39). “Nodules or masses” showed higher sensitivity in both ADC and D values compared to “nodules.” Pulmonary nodules are defined as focal opacities that measure up to 3 cm in diameter, while pulmonary masses are ≥3 cm in diameter. Regier et al. (40) found the sensitivity of DWI was only 43.8% for nodules ≤5 mm in diameter and increased to 86.4% for larger diameter (6–9 mm) and 97% for nodules ≥10 mm. Moreover, Jiang and colleagues (19) assumed that various factors regarding motion, vulnerability artifacts, and the partial volume effect had an obvious impact on smaller lung lesions. Jiang et al. (41) suggested that the nodule with a diameter smaller than 2 cm or a lower lung zone location would negatively affect the reproducibility. In addition, Koo et al. (42) found that most nodules (74%) in their study were <2 cm, and nearly half of the lesions were in the lower lobes. The “3.0 T” MRI scanner showed a higher sensitivity for ADC than the “1.5 T” MRI scanner. In contrast, the sensitivity for the f value was higher in the “1.5 T”. Ohba and his team (43) indicated that both the “1.5 T” and “3.0 T” MRI scanners showed similar performance in assessing malignant pulmonary nodules. Schmidt et al. (44) indicated that 1.5 T MRI is the preferred imaging modality in a comparative study of high-resolution whole-body MRI applications at 1.5 T and 3.0 T.

Apart from the aspects mentioned above, the influence of the b values on the heterogeneity could not be ignored. The number of b values was viewed to improve the separation of diffusion and perfusion (45). Additionally, lower b values were important in gaining perfusion-sensitive information (46). At the same time, the number and range of b values used in published studies substantially varied, revealing an obvious lack of consensus. Therefore, it is essential to reach a consensus on the number and range of b values in future research. Moreover, advanced MRI technologies, such as the MRI respiratory triggering technology and advanced navigation platform, which could overcome challenges of the movement and breathing artifacts as well as the susceptibility artifacts caused by the interfaces between different tissues and the overall low proton density of the lung, should be applied.

This study has a few limitations. First, this meta-analysis was only based on published studies, which might have led to overestimating the true effect. Second, since there are limited numbers of publications that included patients with solitary pulmonary nodules, we were unable to analyze the diagnostic performance of IVIM-DWI from the perspective of various sizes of nodules. Third, although meta-regression analysis suggested various aspects attributing to the heterogeneity, it was still not enough to explore heterogeneity through the analysis due to the differences in the scanning method and acquisition protocol. However, the variants such as b values, cutoff values, repetition time (TR), and echo time (TE) had too many included variables, which resulted in the difficulty in conducting subgroup analysis.



CONCLUSION

Overall, the pooled results suggested that the IVIM-DWI could be a valuable technique for the analysis of pulmonary nodules and masses. This meta-analysis first explored the heterogeneity of the lesion types concerning nodules and masses. The diagnostic performance shown in a subgroup analysis of the studies with masses or nodules is superior to the studies that only reported on nodules. Since MRI scanner hardware and sequence developments have achieved notable progress, IVIM-DWI might become an alternative diagnostic technique for malignant and benign differentiation of pulmonary masses and nodules.



DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in the article/Supplementary Material, further inquiries can be directed to the corresponding author/s.



AUTHOR CONTRIBUTIONS

YC, QH, and ZX: critical revision of the manuscript, substantial contribution toward the conception and design of the work, and manuscript drafting. YC, QH, ZH, and ML: acquisition, analysis, and interpretation of the data. YC, ZA, YL, HY, and MW: revising the manuscript critically. All authors contributed to the article and approved the submitted version.



FUNDING

This research was supported by grants from the National Natural Science Foundation of China (No. 82171931), the Science and Technology Program of Guangzhou (Nos. 201903010032 and 202102080572), and the Panyu Science and Technology Program of Guangzhou (Nos. 2019-Z04-01 and 2019-Z04-23).



REFERENCES

1. Pakzad R, Mohammadian-Hafshejani A, Ghoncheh M, Pakzad I, Salehiniya H. The incidence and mortality of lung cancer and their relationship to development in Asia. Transl Lung Cancer Res. (2015) 4(6):763–74. doi: 10.3978/j.issn.2218-6751.2015.12.01

2. Siegel R, Miller K, Jemal A. Cancer statistics, 2018. CA Cancer J Clin:2018:68. doi: 10.3322/caac.21442

3. Qi W, Tang L, He A, Yao Y, Shen Z Incidence and risk of treatment-related mortality in cancer patients treated with EGFR-TKIs: a meta-analysis of 22 phase III randomized controlled trials. Respir Med. (2013) 107(8):1280–3. doi: 10.1016/j.rmed.2013.06.005

4. Marcus M, Duffy S, Devaraj A, Green B, Oudkerk M, Baldwin D, et al. Probability of cancer in lung nodules using sequential volumetric screening up to 12 months: © UKLS trial. Thorax. (2019) 74:761–7. doi: 10.1136/thoraxjnl-2018-212263

5. Kaneko M, Eguchi K, Ohmatsu H, Kakinuma R, Naruke T, Suemasu K, et al. Peripheral lung cancer: screening and detection with low-dose spiral CT versus radiography. Radiology. (1996) 201(3):798–802. doi: 10.1148/radiology.201.3.8939234

6. Henschke C, Yankelevitz D, Mirtcheva R, McGuinness G, McCauley D, Miettinen O. CT screening for lung cancer: frequency and significance of part-solid and nonsolid nodules. AJR Am J Roentgenol. (2002) 178:1053–7. doi: 10.2214/ajr.178.5.1781053

7. Kim H, Park CM, Koh J, Lee S, Goo JM. Pulmonary subsolid nodules: what radiologists need to know about the imaging features and management strategy. Diagn Interv Radiol (Ankara, Turkey). (2013) 20(1):47–57. doi: 10.5152/dir.2013.13223

8. Bartholmai B, Koo CW, Johnson G, White D, Raghunath S, Rajagopalan S, et al. Pulmonary nodule characterization, including computer analysis and quantitative features. J Thorac Imaging. (2015) 30(2):139–56. doi: 10.1097/RTI.0000000000000137

9. McCunney RJ, Li J. Radiation risks in lung cancer screening programs. Chest. (2014) 145(3):618–24. doi: 10.1378/chest.13-1420

10. Malayeri AA, El Khouli RH, Zaheer A, Jacobs MA, Corona-Villalobos CP, Kamel IR, et al. Principles and applications of diffusion-weighted imaging in cancer detection, staging, and treatment follow-up. Radiographics. (2011) 31(6):1773–91. doi: 10.1148/rg.316115515

11. Ding Y, Tan Q, Mao W, Dai C, Hu X, Hou J, et al. Differentiating between malignant and benign renal tumors: do IVIM and diffusion kurtosis imaging perform better than DWI? Eur Radiol. (2019) 29(12):6930–9. doi: 10.1007/s00330-019-06240-6

12. Zhang JL, Sigmund EE, Chandarana H, Rusinek H, Chen Q, Vivier PH, et al. Variability of renal apparent diffusion coefficients: limitations of the monoexponential model for diffusion quantification. Radiology. (2010) 254(3):783–92. doi: 10.1148/radiol.09090891

13. Le Bihan D, Breton E, Lallemand D, Aubin ML, Vignaud J, Laval-Jeantet M. Separation of diffusion and perfusion in intravoxel incoherent motion MR imaging. Radiology. (1988) 168(2):497–505. doi: 10.1148/radiology.168.2.3393-671

14. Whiting PF, Rutjes AW, Westwood ME, Mallett S, Deeks JJ, Reitsma JB, et al. QUADAS-2: a revised tool for the quality assessment of diagnostic accuracy studies. Ann Intern Med. (2011) 155(8):529–36. doi: 10.7326/0003-4819-155-8-201110180-00009

15. Huang C, Liang J, Lei X, Xu X, Xiao Z, Luo L. Diagnostic performance of perfusion computed tomography for differentiating lung cancer from benign lesions: a meta-analysis. Med Sci Monit. (2019) 25:3485–94. doi: 10.12659/msm.914206

16. Liang J, Liu D, Gao P, Zhang D, Chen H, Shi C, et al. Diagnostic values of DCE-MRI and DSC-MRI for differentiation between high-grade and low-grade gliomas: a Comprehensive meta-analysis. Acad Radiol. (2018) 25(3):338–48. doi: 10.1016/j.acra.2017.10.001

17. Wang K, Li Z, Wu Z, Zheng Y, Zeng S, E L, et al. Diagnostic performance of diffusion tensor imaging for characterizing breast tumors: a comprehensive meta-analysis. Front Oncol. (2019) 9:1229. doi: 10.3389/fonc.2019.01229

18. He N, Li Z, Li X, Dai W, Peng C, Wu Y, et al. Intravoxel incoherent motion diffusion-weighted imaging used to detect prostate cancer and stratify tumor grade: a meta-analysis. Front Oncol. (2020) 10:1623. doi: 10.3389/fonc.2020.01623

19. Jiang J, Fu Y, Hu X, Cui L, Hong Q, Gu X, et al. The value of diffusion-weighted imaging based on monoexponential and biexponential models for the diagnosis of benign and malignant lung nodules and masses. Br J Radiol. (2020) 93(1110):20190400. doi: 10.1259/bjr.20190400

20. Zhou S, Wang Y, Ai T, Huang L, Zhu TT, Zhu WZ, et al. Diagnosis of solitary pulmonary lesions with intravoxel incoherent motion diffusion-weighted MRI and semi-quantitative dynamic contrast-enhanced MRI. Clin Radiol. (2019) 74(5):409.e7–.e16. doi: 10.1016/j.crad.2018.12.022

21. Wang Y LQ, Huang M, Huang Q. Application of MR-IVIM in the diagnosis of benign and malignant lung tumors and the evaluation of chemotherapeutic efficacy in lung cancer. Chin J Med Phys. (2019) 36(06):682–88 (in Chinese). doi: 10.3969/j.issn.1005-202X.2019.06.012

22. Jiao Z, Hu C, Du F, He L, Ouyang X, Li Z, et al. Value of dynamic contrast-enhanced MRI combined with multiple b-value diffusion-weighted imaging for differentiation of benign and malignant lung lesions. J Clin Radiol. (2019) 38(02):239–43 (in Chinese). doi: d’i:10.13437/j.cnki.jcr.2019.02.013

23. Hong Q, Jiang J, Cui L, Hu C, Wang Y, Xu G. Value of diffusion-weighted imaging based on monoexponential and biexponential models in differentiating benign and malignant lung nodules. Radiol Pract. (2018) 33(12):1256–60. doi: 10.13609/j.cnki.1000-0313.2018.12.006

24. Yang K. The study of intravoxel incoherent motion diffusion weighted imaging in solitary pulmonary nodules. J Mod Oncol. (2018) 26:452–56 (in Chinese). doi: 10.3969/j.issn.1672-4992.2018.03.032

25. Zeng C, Zong D, Guo C, Liu J, Li H, Cheng H, Liu J. Diagnostic efficiency of multi- b-value intravoxel incoherent motion diffusion weighted imaging for pulmonary masses. J Med Imaging Health Informatics. (2017) 7:1677–81. doi: 10.1166/jmihi.2017.2273

26. Wan Q, Deng Y, Zhou J, Yu Y, Bao Y, Lei Q, et al. Intravoxel incoherent motion diffusion-weighted MR imaging in assessing and characterizing solitary pulmonary lesions. Sci Rep. (2017) 7. doi: 10.1038/srep43257

27. Zhou S, Xia L, Wang Y, Wu W. Monoexponential and IVIM model of diffusion weighted imaging in pulmonary nodules: a preliminary study. Acta Med Univ Sci Technol Huazhong. (2016) 45(06) (in Chinese):650–55. doi: 10.3870/j.issn.1672-0741.2016.06.012

28. Yuan M, Zhang Y, Zhu C, Yu T, Shi H, Shi Z, et al. Comparison of intravoxel incoherent motion diffusion-weighted MR imaging with dynamic contrast-enhanced MRI for differentiating lung cancer from benign solitary pulmonary lesions. J Magn Reson Imaging: JMRI. (2015) 43(3):669–79. doi: 10.1002/jmri.25018

29. Huang L, Zeng C, Fang X, Liu X, Zhu R, He W, et al. The value of intravoxel incoherent motion diffusion-weighted imagingin distinguishing benign and malignant lung lesions. Chin Comput Med Imag. (2016) 22(6):505–10 (in Chinese). doi: 10.3969/j.issn.1006-5741.2016.06.003

30. Deng Y, Li X, Lei Y, Liang C, Liu Z. Use of diffusion-weighted magnetic resonance imaging to distinguish between lung cancer and focal inflammatory lesions: a comparison of intravoxel incoherent motion derived parameters and apparent diffusion coefficient. Acta Radiol (Stockholm, Sweden: 1987). (2015) 57(11):1310–7. doi: 10.1177/0284185115586091

31. Lei Y, Li X, Wan Q, Sun C, Deng Y, Zhong Z, et al. MR intravoxel incoherent motion diffusion-weighted imaging in peripheral lung cancer. Chin J Med Imaging Technol. (2015) 31(1):57–61 (in Chinese). doi: 10.13929/j.1003-3289.2015.01.016

32. Koyama H, Ohno Y, Seki S, Nishio M, Yoshikawa T, Matsumoto S, et al. Value of diffusion-weighted MR imaging using various parameters for assessment and characterization of solitary pulmonary nodules. Eur J Radiol. (2015) 84(3):509–15. doi: 10.1016/j.ejrad.2014.11.024

33. Wang X, Duan J, Yuan H. Value of multiple b-value diffusion-weighted imaging for differentiation of benign and malignant pulmonary masses. Acta Acad Med Sin. (2014) 36(5):510–5 (in Chinese). doi: 10.3881/j.issn.1000-503X.2014.05.010

34. Wang L, Lin J, Liu K, Chen C, Liu H, Lv P, et al. Intravoxel incoherent motion diffusion-weighted MR imaging in differentiation of lung cancer from obstructive lung consolidation: comparison and correlation with pharmacokinetic analysis from dynamic contrast-enhanced MR imaging. Eur Radiol. (2014) 24(8):1914–22. doi: 10.1007/s00330-014-3176-z

35. Li B, Li Q, Chen C, Guan Y, Liu S. A systematic review and meta-analysis of the accuracy of diffusion-weighted MRI in the detection of malignant pulmonary nodules and masses. Acad Radiol. (2014) 21(1):21–9. doi: 10.1016/j.acra.2013.09.019

36. Yin Y, Sedlaczek O, Muller B, Warth A, Gonzalez-Vallinas M, Lahrmann B, et al. Tumor cell load and heterogeneity estimation from diffusion-weighted MRI calibrated with histological data: an example from lung cancer. IEEE Trans Med Imaging. (2018) 37(1):35–46. doi: 10.1109/TMI.2017.2698525

37. Ye Z, Wei Y, Chen J, Yao S, Song B. Value of intravoxel incoherent motion in detecting and staging liver fibrosis: a meta-analysis. World J Gastroenterol. (2020) 26(23):3304–17. doi: 10.3748/wjg.v26.i23.3304

38. Gao P, Liu Y, Shi C, Liu Y, Luo L. Performing IVIM-DWI using the multifunctional nanosystem for the evaluation of the antitumor microcirculation changes. MAGMA. (2020) 33(4):517–26. doi: 10.1007/s10334-019-00814-7

39. Shen G, Jia Z, Deng H. Apparent diffusion coefficient values of diffusion-weighted imaging for distinguishing focal pulmonary lesions and characterizing the subtype of lung cancer: a meta-analysis. Eur Radiol. (2016) 26(2):556–66. doi: 10.1007/s00330-015-3840-y

40. Regier M, Schwarz D, Henes FO, Groth M, Kooijman H, Begemann PG, et al. Diffusion-weighted MR-imaging for the detection of pulmonary nodules at 1.5 Tesla: intraindividual comparison with multidetector computed tomography. J Med Imaging Radiat Oncol. (2011) 55(3):266–74. doi: 10.1111/j.1754-9485.2011.02263.x

41. Jiang B, Liu H, Zhou D. Diagnostic and clinical utility of dynamic contrast-enhanced MR imaging in indeterminate pulmonary nodules: a metaanalysis. Clin Imaging. (2016) 40(6):1219–25. doi: 10.1016/j.clinimag.2016.08.017

42. Koo CW, Lu A, Takahashi EA, Simmons CL, Geske JR, Wigle D, et al. Can MRI contribute to pulmonary nodule analysis? J Magn Reson Imaging. (2019) 49(7):e256–e64. doi: 10.1002/jmri.26587

43. Ohba Y, Nomori H, Mori T, Shiraishi K, Namimoto T, Katahira K. Diffusion-weighted magnetic resonance for pulmonary nodules: 1.5 vs. 3 Tesla. Asian Cardiovasc Thorac Ann. (2011) 19(2):108–14. doi: 10.1177/0218492310385152

44. Schmidt GP, Wintersperger B, Graser A, Baur-Melnyk A, Reiser MF, Schoenberg SO. High-resolution whole-body magnetic resonance imaging applications at 1.5 and 3 Tesla: a comparative study. Invest Radiol. (2007) 42(6):449–59. doi: 10.1097/01.rli.0000262089.55618.18

45. Federau C. Intravoxel incoherent motion MRI as a means to measure in vivo perfusion: a review of the evidence. NMR Biomed. (2017) 30(11). doi: 10.1002/nbm.3780

46. Koh DM, Collins DJ, Orton MR. Intravoxel incoherent motion in body diffusion-weighted MRI: reality and challenges. AJR Am J Roentgenol. (2011) 196(6):1351–61. doi: 10.2214/ajr.10.5515


Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Publisher's Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Chen, Han, Huang, Lyu, Ai, Liang, Yan, Wang and Xiang. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OPS/images/Table_2.jpg
Indicator Author Year Threshold AuC Sensitivity Specificity ™ P FN ™
ADC Jiang 2020 146 081 092 063 81 12 7 21
Zhou 2019 157 071 o091 059 38 9 4 13
Wan 2017 132 083 086 082 44 2 7 9
Deng 2016 1.02 NA 073 088 22 1 8 7
Yuan 2016 NA NA 081 081 39 9 9 39
Wang 2019 127 085 085 072 25 6 5 14
Hong 2019 144 079 081 073 17 3 4 8
Yang 2018 NA 082 069 090 28 2 13 14
Huang 2018 155 081 089 067 27 5 8 10
Zhou 2016 157 073 088 075 41 5 6 14
Koyama 2015 090 061 070 033 19 6 8 3
Wang 2014 141 095 090 097 28 1 3 30
D Jiang 2020 123 088 o091 089 80 3 8 30
Zhou 2019 125 073 095 055 40 10 9 12
Wan 2017 120 0.88 092 082 a7 2 4 9
Yuan 2016 NA NA 091 039 a4 30 4 18
Wang 2019 119 089 089 075 27 5 3 15
Yang 2018 NA 086 069 100 28 0 13 16
Huang 2018 1.04 093 094 075 28 4 2 1
Zhou 2016 125 071 095 056 45 8 2 1
Jiao 2019 099 081 076 079 45 8 14 20
Koyama 2015 060 056 070 011 19 8 8 1
Zeng 2017 o091 094 097 075 13 13 3 39
Wang 2014 090 084 098 080 22 3 1 12
Wang 2014 098 076 087 067 27 10 4 21
D Jiang 2020 15.90 070 079 063 70 12 18 21
Zhou 2019 882 068 071 059 30 9 12 13
Yuan 2016 NA NA 0.48 069 23 15 2 33
Wang 2019 742 031 035 027 11 15 20 5
Huang 2018 1794 061 077 046 23 8 7 7
Zhou 2016 1329 068 065 069 31 6 16 13
Zeng 2017 NA 084 089 073 103 14 13 38
Wang 2014 >3.70 0.68 083 060 19 6 16 13
f Deng 2016 037 NA 0.80 075 24 2 6 6
Yuan 2016 NA NA 061 069 29 15 19 33
Wang 2019 045 029 015 050 5 10 2% 10
Yang 2018 NA 074 098 038 40 10 1 6
Huang 2018 062 28.35 075 043 23 9 8 6
Zhou 2016 0.40 067 073 056 34 8 13 1
Lei 2015 038 083 08 075 24 2 6 6
Koyama 2015 015 064 078 022 21 7 6 2
Zeng 2017 NA 076 047 094 54 3 & 49
Wang 2014 <39.3% 064 052 0580 12 3 1 12
Wang 2014 24.93% 076 081 055 25 14 6 17

NA, not avaiable; ADC, apparent diffusion coefficient; D, tissue diffusivty; D", pseudo-difiusiity; f, perfusion fraction; AUC, Area under the cune; TP, true positive; FP, felse
poslive: PO -Kilse neguliie: TIL ‘buw nagelivs:





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Value of IVIM in Differential Diagnoses between Benign and Malignant Solitary Lung Nodules and Masses: A Meta-analysis

		Introduction



		Methods



		Literature Search



		Study Selection



		Data Extraction



		Quality Assessment



		Publication Bias and Heterogeneity Evaluation



		Meta-Regression and Subgroup Analysis



		Data Synthesis











		Results



		Literature Search and Selection



		Quality Assessment



		Publication Bias and Heterogeneity Analysis



		Quantitative Analysis



		Differential Diagnosis of Solitary Pulmonary Nodules and Masses by ADC



		Differential Diagnosis of Solitary Pulmonary Nodules and Masses by the D Value



		Differential Diagnosis of Solitary Pulmonary Nodules and Masses by the D* Value



		Differential Diagnosis of Solitary Pulmonary Nodules and Masses by the f Value











		Meta-Regression and Subgroup Analysis



		Sensitivity Analysis



		Diagnostic Performance



		Post-Test Probabilities











		Discussion



		Conclusion



		Data Availability Statement



		Author Contributions



		Funding



		References



















OPS/images/Table_1.jpg
Author  Year Study  Machine b values (s/mm?) TR(ms)  TE Patient  Age (years) Lesion
design type (ms) type
Jiang (19 2020  PS 30T 0,50, 100, 150, 200, 250, 300, 500, 800, 1,000 7,600 & 12 602 NM
Siemens
Zhou20) 2019 PS 1STGE 0,20, 50, 100, 150, 200, 400, 600, 1,000 2,500 7% 64 52.8+105 NM
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Yang24) 2018  PS 15T 0,50, 150, 200, 400, 600, 800 4,600 8 57 58 N
Siemens.
Zeng25) 2017 PS 30TGE 0, 100, 200, 400,600, 1,000 899 5 168 Benign:556:95  NM
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