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Purpose

To explore the relationship between blood-brain barrier (BBB) leakage and brain structure in non-brain metastasis lung cancer (LC) by magnetic resonance imaging (MRI) as well as to indicate the possibility of brain metastasis (BM) occurrence.



Patients and methods

MRI were performed in 75 LC patients and 29 counterpart healthy peoples (HCs). We used the Patlak pharmacokinetic model to calculate the average leakage in each brain region according to the automated anatomical labeling (AAL) atlas. The thickness of the cortex and the volumes of subcortical structures were calculated using the FreeSurfer base on Destrieux atlas. We compared the thickness of the cerebral cortex, the volumes of subcortical structures, and the leakage rates of BBB, and evaluated the relationships between these parameters.



Results

Compared with HCs, the leakage rates of seven brain regions were higher in patients with advanced LC (aLC). In contrast to patients with early LC (eLC), the cortical thickness of two regions was decreased in aLCs. The volumes of twelve regions were also reduced in aLCs. Brain regions with increased BBB penetration showed negative correlations with thinner cortices and reduced subcortical structure volumes (P<0.05, R=-0.2 to -0.50). BBB penetration was positively correlated with tumor size and with levels of the tumor marker CYFRA21-1 (P<0.05, R=0.2–0.70).



Conclusion

We found an increase in BBB permeability in non-BM aLCs that corresponded to a thinner cortical thickness and smaller subcortical structure volumes. With progression in LC staging, BBB shows higher permeability and may be more likely to develop into BM.
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1 Introduction

Brain metastasis (BM) are a serious public health problem on a global scale. It is estimated that approximately 20% of patients with cancer experience BM (1, 2), and that this is an important cause of cancer-associated mortality. Lung cancer (LC) is the most common cause of BM (3, 4). Approximately 25%-50% of LC patients have BM (5, 6). BMs may cause a range of focal neurological symptoms as well as cognitive impairment, thus greatly reducing patients’ quality of life (7). The average survival time of untreated patients with BM is 2-3 months (8, 9). Even with existing treatments (e.g., surgery, radiotherapy, chemotherapy, targeted therapy, immunotherapy), the median survival time of patients with BM is only approximately 5 months (10).

The pathogenesis of BM are complicated, and BBB dysfunction is considered one of its mediating mechanisms. LC cells reach the vascular system of the brain through blood circulation, attach to microvascular endothelial cells, infiltrate the parenchyma, induce angiogenesis, proliferate in response to growth factors, and finally cross the BBB to form intracerebral metastases (11).

The BBB is composed of endothelial cells, a basement membrane, an astrocytic foot, and pericytes (12, 13). Its integrity is essential for blocking the entry of toxic substances into the peripheral circulation as well as blocking most tumor cells (14). However, metastatic cells can cross the multiple cell layers that comprise the BBB, including through the proteolysis of adhesion molecules (such as JAM-B, junctional adhesion molecule B) (15), leukocyte mimicry (15), and through the action of a variety of cytokines (e.g., cyclooxygenase2 (COX2, also known as PTGS2), heparin-binding EGF-like growth factor (HB-EGF), ST6GALNAC5, PLEKHA5, placental growth factor (PLGF)) (16, 17).

The process of transferring cells across the BBB leads to the destruction of the BBB as well as to an increase in permeability. Therefore, effective measurement of BBB permeability may potentially have application and clinical utility in terms of predicting BM. Although BBB leakage plays an important role in BM, it is difficult to measure human BBB permeability. The ratio of cerebrospinal fluid to serum albumin is a common and well- developed method for evaluating the permeability of the BBB. However, it is invasive and its reliability is controversial as it is easily affected by cerebrospinal fluid flow (18).

Progress in neuroimaging technology to date has suggested the utility of a direct, quantitative, and detailed method for evaluating BBB functionality (19). More specifically, DCE-MRI can quantify the spillover of contrast medium to the brain parenchyma and measure lower-level BBB leakage/permeability (20, 21). DCE-MRI has been successfully applied to study diseases related to BBB dysfunction, such as multiple sclerosis (22), stroke (23), traumatic brain injury (20), and dementia (24). Research on tumors is mainly focused on evaluating tumor grade and patient prognoses, distinguishing changes after treatment (e.g., progression, tumor recurrence), and evaluating treatment efficacy and curative effects (25, 26).

Although the results of research to date are encouraging, the aforementioned methodology has rarely been used in evaluating BMs. Instead, this methodology has mainly been deployed in evaluating therapeutic efficacy with respect to BMs. However, to the best of our knowledge, there have been few studies on BBB microleakage prior to BM or on micro-metastasis.

In the current study, we hypothesized that BBB permeability may increase prior to BM or micro-metastasis and that BBB permeability is related to the primary LC stage. Specifically, we hypothesized that a higher LC stage would be associated with more significant BBB damage and a greater likelihood that this damage would be to develop into BM. DCE-MRI volume transfer constant (Ktrans) was used to detect changes in the BBB in order to predict the possibility of BM. Therefore, the purpose of this study was to quantify BBB permeability in LC patients without BM, and to explore the relationships between BBB permeability, brain structural changes, tumor staging, and tumor markers.



2 Materials and methods


2.1 Participants

This study was approved by the ethics committee of the third affiliated Hospital of Kunming Medical University (NO. SLKYLX202118). All participants provided their written informed consent prior to participating in this study. This work was conducted in accordance with the principles of the Declaration of Helsinki and its later amendments.

We conducted a cross-sectional study in LC patients. MRI was performed in untreated LC patients without a BM. We also enrolled age-and sex-matched HCs. Patients were enrolled into a group that had not received any treatment (e.g., surgery, radiotherapy, chemotherapy, immunotherapy) and had received a pathological diagnosis. Exclusion criteria were prophylactic craniocerebral irradiation, BM, stroke, craniocerebral trauma, epilepsy, Alzheimer’s disease, Parkinson’s disease, other acute mental or neurological diseases, a history of major medical diseases (e.g., anemia, severe heart disease, thyroid dysfunction, abnormal liver or kidney function), and severe vision or hearing loss. According to the TNM (tumor, node, metastasis) staging criteria (27), early-stage patients were categorized into stage I LC, and those in more advanced stages were categorized into stage II–IV LC(Supplementary material for detail). The study flowchart is shown in Figure 1.




Figure 1 | Study flowchart.





2.2 Imaging


2.2.1 MRI acquisition

Images were acquired using a 3T MRI scanner (Discovery MR750, GE Healthcare, Waukesha, Wisconsin, USA) with a 21-channel MR Instruments head coil. Tight but comfortable foam pads was used to minimize head movement and earplugs and headphones were used to reduce scanner noise. Participants were instructed to lie down with their eyes closed, to stay awake, and not to think of anything special. For each participant, routine MRI sequences, including T2 and T1-weighted imaging and T2 fluid attenuated inversion recovery (FLAIR) imaging, was performed to ensure that there were no visible brain lesions or BMs.

The sequences for BBB assessment included the following steps: (1) a T1- weighted three-dimensional (3D) axial anatomical scan (BRAVO, TR=8.5ms, TE=3.2ms, field of view (FOV) 25.6×25.6, acquisition matrix 256×256, voxel size 1×1×1 mm, bandwidth 31.25kHz, FA 12°; (2) a T1- weighted 3D axial sequence with variable flip angles (3D-SPGR, TR 5.9ms, TE 2.0ms, flip angle 5° and 14°, FOV 24×20.4, acquisition matrix 256×180, slice thickness 4.0 mm, interval 0, bandwidth 62.5kHz); and (3) a T1- weighted 3D axial dynamic scan (LAVA, TR 5.9ms, TE 2.0ms, flip angle 14°, FOV 24×20.4, acquisition matrix 256×180, slice thickness 4.0 mm, interval 0, bandwidth 62.5 kHz) acquired within 650 s after intravenous injection of the magnetic contrast gadolinium (0.05 mmol/kg, flow rate 3.0 mL/s).



2.2.2 Analysis of the cerebral cortex and subcortical structures

High-resolution T1-weighted anatomical images were processed using the FreeSurfer 7.2 software package (https://surfer.nmr.mgh.harvard.edu/). Processing included: 1) motion correction and averaging of multiple volumetric T1-weighted images; 2) removal of non-brain tissue using a hybrid watershed/surface deformation procedure; 3) automated Talairach transformation; 4) segmentation of the subcortical white matter and deep gray matter volumetric structures (including the hippocampus, amygdala, caudate, putamen, ventricles); 5) intensity normalization; 6) tessellation of the gray matter white matter boundary with automated topology correction; and 7) surface deformation following intensity gradients to optimally place the gray/white and gray/cerebrospinal fluid borders at the location where the greatest shift in intensity defines the transition to the other tissue class. Cortical thickness and subcortical structure volume were calculated using the software template [i.e., the Destrieux atlas (28)]. We analyzed the cortical thicknesses of 74 structures as well as 16 subcortical volumes.



2.2.3 BBB data processing

The contrast medium leakage caused by BBB leakage leads to an increase in the T1-weighted signal in the affected tissue, thus enabling the contrast medium leakage to be calculated. To achieve this, we used SPM12 to register and normalize T1-weighted images acquired continuously after contrast injection to the MNI (Montreal Neurological Institute) coordinates (University College London, www.fil.ion.ucl.ac.uk/spm).

Previous studies have shown that the Patlak model is more accurate than other models in diseases presenting with slight BBB damage (29–31). Using DCE-MRI to measure the subtle leakage of the BBB has moderate to excellent repeatability (32). Therefore, in this study, the Patlak model was used to calculate Ktrans. All dynamic images were registered to the same reference image, with an average flip angle of 14° to correct for head displacement. The Patlak method uses a two-compartment model, in which it is assumed that there is no reflux and infinite flow. Therefore, the leakage rate is similar to the product of vascular permeability (P) and the surface area (S) per unit tissue mass.

For the Patlak graphic method, the two main factors affecting the accurate measurement of BBB permeability are the estimation of the blood concentration curve based on T1 signal intensity and the determination of the VIF (variance inflation factor) (33) (Figure 2). A common method of T1 mapping is to change the flip angle (34). VIF measurements also play a key role in estimating kinetic parameters. VIF was calculated by selecting the region of interest (ROI) of the superior sagittal sinus (35). The sagittal sinus has a sufficiently large cross-section such that the VIF can be easily extracted from the superior sagittal sinus and is not affected by partial volume and inflow artifacts (35). Thereafter, Ktrans (min-1) was calculated using MATLAB software (MathWorks, Natick, MA, USA), implementing the Patlak model. The Ktrans value was used to reflect BBB leakage.




Figure 2 | The time-signal intensity curve of tissue and vascular input function (VIF) was converted into time-concentration curve. The leakage rate (Ktrans) and plasma volume (Vp) were calculated by Patlak graphic method.



Ktrans is calculated as a voxel. The whole brain was divided into 116 brain regions based on the AAL atlas (36). Each brain region was considered as a ROI with respect to extracting the average Ktrans value for statistical analysis.





3 Statistical analysis

SPSS (version 19.0; SPSS Inc., Chicago, IL, USA) and R statistical software (version 4.1.2, The R Project for Statistical Computing, Vienna, Austria; https://www.r-project.org/) were used for statistical analyses. Continuous variables with normal distributions are described as mean ± standard deviation. We evaluated classification variable usage (%) or the constituent ratio (%). If the data were normally distributed and the variance was uniform, an analysis of variance (ANOVA) test was implemented and LSD Test was used for post hoc multiple comparisons. Otherwise, the Kruskal-Wallis (KW) test was performed. Differences were considered statistically significant at a two-sided P-value of <0.05. The results were visualized using R statistical software or GraphPad Prism visualization software (San Diego, CA, USA). Multiple comparisons were performed with Bonferroni correction.



4 Results


4.1 Demographic and clinical characteristics

A total of 75 LC patients (39 eLCs and 36 aLCs) and 29 HCs (selected through online advertising) were enrolled from August 2021 to March 2022 at the Department of Thoracic Surgery of the Third Affiliated Hospital of Kunming Medical University (Kunming, China). Participants were age and sex matched. Eleven subjects were excluded due to excessive head movement, allergies to the contrast medium, or miscalculation during scanning. The number of participants assessed for eligibility and the reasons for exclusion is shown in Figure 1.

A summary of detailed demographic data, histological diagnoses, and tumor staging is shown in Table 1. There were no statistically significant differences in sex, age, smoking, or KPS (Karnofsky Performance Scale) scores between the LC patients and the control group (P>0.05). The tumor diameter in the eLC group was smaller than that in the aLC group (P<0.001). The levels of the tumor markers CEA (carcinoembryonic antigen), NSE (neuron-specific enolase), CYFRA21-1 (cytokeratin 19 fragment), and SCC (squamous cell carcinoma antigen) were higher in the aLC group than those in the eLC group (P<0.05).


Table 1 | Demographic and clinical features of patients with lung cancer.





4.2 BBB leakage in patients with LC

Compared with the control group, the Ktrans levels of seven brain regions and the whole cerebral gray matter in aLC group were higher than those in HC group (P<0.05) (i.e., the left calcarine fissure and surrounding cortex (CAL.L), right superior occipital gyrus (SOG.R), right middle occipital gyrus (MOG.R), left inferior occipital gyrus (IOG.L), right inferior occipital gyrus (IOG.R), left Cerebelum Crus1, right Cerebelum 6). The permeability of left Temporal pole: superior temporal gyrus (TPOsup.L), right temporal pole: middle temporal gyrus (TPOmid.R), and TPOmid.L was increased in eLC group (P<0.05). The permeability of CAL.L, IOG.R, left Cerebellum Crus1, left Cerebellum Crus2 and right Cerebellum 6 was increased with the LC staging progression. There were no statistically significant differences in BBB permeability in the other brain regions (Figures 3A, S1–S16).




Figure 3 | (A) Comparisons of BBB leakage between patients with LC at different stages and HCs. Quantify the leakage rate of BBB in different brain regions, and there were significant differences in 8 brain regions between patients with aLC and HCs (p < 0.05), which revealed the existence of BBB leakage in patients with aLC. There was no statistical difference between SOG.R and TPOsup.R after correction. (B) Comparisons of cerebral cortex thickness between patients with LC at different stages and HC. There was significant difference between patients with aLC and patients with eLC (p < 0.05). The thickness of 9 cerebral cortices decreased in patients with aLC. There was no statistical difference between the cerebral cortex of patients with LC and HC, but the cortex of patients with eLC showed an increasing trend and a decreasing trend in aLC. (C) Comparisons of subcortical structure volume between patients with LC at different stages and HC. There was significant difference between HC of patients with aLC (p < 0.05). In patients with aLC, the volume of 13 subcortical structures decreased, while the volume of 1 structure increased. The volume of bilateral VentralDC showed volume reduction in patients with eLC. The volume of 6 subcortical structures in patients with aLC was smaller than that in patients with eLC, while the volume of one structure increased in patients with aLC. *P<0.05, **P<0.01, ***P<0.001; ns, no statistical difference.





4.3 Changes in cerebral cortex thickness and volume

A comparison of 74 cortical thicknesses between eLCs, aLCs and HCs showed that cortical thickness in nine brain regions in aLC group was smaller than that of eLC group (i.e., left Transverse frontopolar gyri and sulci, left Long insular gyrus and central sulcus of the insula, left Posterior ramus of the lateral sulcus, left. Anterior segment of the circular sulcus of the insula, left. Middle occipital sulcus and lunatus sulcus, left. Medial occipito-temporal sulcus and lingual sulcus, right Superior occipital gyrus, right Central sulcus and right Medial occipito-temporal sulcus and lingual sulcus)(P<0.05). The cortical thickness of the left aMCC and the left sulcus intermedius primus (Jensen) in aLC group was statistically significantly lower than in HC group. The cortical thickness of the left long insular gyrus and the central sulcus of the insula increased in eLC group (P<0.05). The locations are shown in Figures 4A–H). There were no statistical differences with respect to the other cortical thicknesses. However, we found an increasing trend in cortical thickness, as well as a decreasing trend in the LC group (Figure 3B, Supplementary Material Tables S17–S19).




Figure 4 | (A–H) shows statistical differences in the locations of cortical thickness: (A) Left hemisphere left side view; (B) Left hemisphere right side view; (C) Right hemisphere left side view; (D) Left hemisphere front view; (E) Left hemisphere rear view; (F) Right hemisphere rear view; H Right hemisphere bottom view. (I–K) The locations of subcortical structures with statistical differences: (I): coronal, (J): axial, (K): sagittal.



Compared with HCs, the volume of 12 brain regions in aLC group decreased (i.e., bilateral thalamus, putamen, pallidum, ventral diencephalon, left hippocampus, amygdala and right cerebellum white matter, nucleus accumbens), whereas the volume of the left temporal horn of lateral ventricle increased (P<0.05). The specific locations are shown in Figures 4I–K. In eLC group, the volume decreased preferentially in the bilateral Ventral Diencephalon (P<0.05), but there were no statistically significant differences with respect to other volume changes. The volumes of the bilateral thalamus, right pallidum, and right choroid plexus in aLC group were smaller than those in eLC group (Figure 3C; Supplementary Material Tables S20–S22; Figures S1–S4).



4.4 The correlations between the tumor diameter, serum marker, cortical thickness, volume and BBB leakage

To examine whether the maximum diameter of the tumor, serum marker levels (CEA, NSE, CYFRA21-1, SCC), cortical thickness, and volume were related to BBB leakage, we analyzed the correlations between them. We found that the maximum diameter of the tumor was positively correlated with Ktrans (CAL.L, IOG.L, IOG.R, TPOmid.L, left Cerebellum Crus2). CEA was positively correlated with Ktrans of the cerebral gray matter, and CYFRA21-1 was positively correlated with CAL.L, TPOmid.L, left cerebellum crus1, right cerebellum 6, and Ktrans Gray (P<0.05, R=0.25–0.51) (Figure 5A and Supplementary Material Table S23). Increased Ktrans brain area was negatively correlated with the average cortical thickness of the left aMCC, the left long insular gyrus, the central sulcus of the insula, the posterior ramus of the lateral sulcus, the left sulcus intermedius primus, the left medial occipitotemporal sulcus, the lingual sulcus, the right superior occipital gyrus, and the volumes of the left thalamus, the left pallidum, the left hippocampus, the left ventral diencephalon, the right cerebellum (white matter), the right thalamus, the right accumbens, and the right ventral diencephalon. Increased Ktrans brain area was also positively correlated with the left temporal horn of lateral ventricle volume (P<0.05, |R|=0.2-0.50) (Figure 5B and Supplementary Material Table S24).




Figure 5 | Correlation between tumor markers, differential cerebral cortical thickness, subcortical volume and BBB leakage in patients with LC. Red represents positive correlation, blue represents negative correlation, the darker the color, the higher the correlation. (A) Showed the correlation between tumor markers, tumor diameter and BBB leakage in LCs (n=75). (B) Showed the correlation between cerebral cortical thickness, subcortical volume and BBB leakage in LCs and HCs (n=104).






5 Discussion

To the best of our knowledge, this is the first study to perform a quantitative analysis of BBB leakage in LCs without a BM. It was found that BBB leakage increased in patients with aLC and this was related to brain structure. Patients with aLC showed a higher level of BBB leakage in some brain regions. The BBB permeability was associated with a decrease in cerebral cortex thickness and volume. These findings present a key step in establishing the role of BBB dysfunction in the pathogenesis of BM in LC and highlight that the BBB may be a potential diagnostic and therapeutic target. BM can cause severe, uncontrollable symptoms and reduce quality of life, including by inducing paralysis, elevated intracranial pressure, and/or seizures. The incidence of BM has shown an upward trend in the past decade, but there has been little progress in treatment, and therapeutic effects have not been of sufficient quality (37). Therefore, it is particularly important to identify LC patients who are more prone to BM. Intensive treatment should be performed in these patients.

The occurrence of BM involves a series of interrelated steps, starting with the invasion of local cancer cells that progresses into the intravascular and/or circulatory and/or lymphatic system. Owing to the lack of a lymphatic system within the central nervous system, the only way for cancer cells to reach the brain is through blood circulation. The resulting circulating tumor cells (CTCs) may enter the microcirculation of the brain and adapt to the microenvironment of the brain tissue, thus resulting in the formation of micro-metastases that eventually form visible tumors through metastatic colonization (38, 39). However, metastatic cells that invade the parenchyma of the central nervous system must pass through the BBB. Cerebral vascular endothelial cells change in this process (40). These changes include damage to the tight junction structure and an increased perivascular space (41). In addition, windows corresponding to the surrounding vascular system can be found in these vessels, and the number and activity of pinocytic vacuoles have been shown to be increased (42). Therefore, these blood vessels may reflect the blood vessels of the tumor tissue rather than those of the endothelial cells of the central nervous system. Owing to these structural changes, the leakage of the BBB was found to increase in this study, and plasma was found to infiltrate into the extracellular space (43).

DCE-MRI can be used to evaluate the leakage of extracellular space in each voxel using pharmacokinetics parameters (Ktrans) as well as to detect BBB leakage (i.e., reflecting BBB destruction). Ktrans is defined as the volume transfer constant between the plasma and the extracellular space and is often used as a synonym for permeability. This parameter has been confirmed to be increased in patients with BMs (44), multiple sclerosis (22), stroke (23), traumatic brain injury (20), and dementia (24). Although DCE-MRI has been widely used in Neuro-oncology imaging, it is uncommon to measure relatively complete BBB leakage. Therefore, the level of leakage of BBB that we need to measure in order to establish prognoses may be small. Thus, the Patlak model was used to calculate Ktrans in the current study, as this model is more accurate in measuring low level leakage (29, 31).

Our results confirm that BBB leakage is increased in patients with LC, especially in aLC. It is suggested that, with the progression of LC, the integrity of the BBB may be destroyed in a wider range of brain regions and that permeability may increase. These changes indicate changes in cerebral vascular endothelial cells in these brain regions (26), damage to tight junction structures, and an increase in the perivascular space (27). This in turn indicates that the potential occurrence of microtransfer or a transition from the BBB to the blood-tumor barrier (BTB), because the BTB is generally considered to be more prone to leaking than the BBB (45). Therefore, BM may develop if there is no further clinical intervention. Early detection of increased BBB permeability as well as strengthening clinical interventions is of great significance in preventing the occurrence of BM.

We observed an interesting phenomenon in the current study. Compared with HCs, the cortical thickness of patients with eLC showed an increasing trend, although this difference was not statistically significant. Compared with patients with eLC, the cortical thickness of patients with aLC showed a downward trend, with statistically significant differences in the frontal transverse pole, the cingulate gyrus, the insular, the temporal pole, and the occipital pole cortices. At present, these findings have not been reported in the literature. Hence, our findings may represent a new discovery. However, these findings require more research support, including confirmed in studies with a larger sample size.

Our study further found that patients with aLC showed a larger tumor size, higher staging, and a higher incidence of BM compared with those with eLC (46, 47). With an increase in tumor diameter, BBB permeability was found to increase in the left peri-talar cortex, the bilateral suboccipital gyrus, the middle temporal pole, and the inferior cerebellum, probably because it is easier for tumor cells to invade the vascular or lymphatic system given a larger tumor volume (with CTCs entering the cerebral microcirculation). This may affect BBB integrity in the above-mentioned brain regions. CEA, CYFRA21-1, NSE, and SCC are biomarkers related to the LC and are suitable for LC screening and recurrence monitoring. In this study, the tumor markers CEA, NSE, CYFRA21-1, and SCC were high in advanced LC. BBB permeability of the cerebral gray matter increased with an increase in CEA and CYFRA21-1 levels. The BBB permeability of the left talar fissure, the left superior occipital gyrus, the bilateral middle temporal gyrus, and the superior cerebellum also increased with an increase in CYFRA21-1, indicating that the observed increase in serum tumor markers was correlated with BBB destruction. Therefore, the relationship between elevated tumor marker levels and BBB integrity may reflect tumor heterogeneity and may be a risk factor for BM (48, 49).

In contrast, in patients with aLC, cortical thickness and subcortical volume were smaller with increased BBB permeability. This may be because the development of LC is a long process, and that tumor tissue directly or indirectly affects the BBB by secreting cytokines or forming CTCs, which leads to changes in local microcirculation structure and hemodynamics, ultimately leading to a reduction in cortical structure and subcortical volume, an increase in space within this area, easier adhesion and retention of CTCs, and increased local invasion and micro-metastasis. The continuous expansion of tumor lesions causes local and distal changes, which directly damage the activity of neurons and vascular function (50), thus further aggravating leakage of the BBB and reducing the volume of the corresponding brain structure. However, the specific mechanisms underlying these changes are not clear. Therefore, BBB imaging may have the potential to identify biomarkers for BM risk in LC patients. Clinical adjuvant therapy should be strengthened for saboteurs of the BBB, including better chemotherapy for CTCs and prophylactic whole-brain radiotherapy for brain micro-metastasis, in order to achieve accurate individual treatment.

The advantages of this study include a lack of clear recruitment bias and a short time interval between clinical evaluation and neuroimaging regimens (usually after clinical evaluation). Moreover, MRI examination was completed within one week. However, the enrolled sample size of our cohort was small and our imaging scheme required a gadolinium-based contrast agent, which may potentially damage renal function and limit the wide applicability of this methodology.



6 Conclusion

In conclusion, this study provides convincing evidence of BBB leakage and its relationship with brain structure in patients with LC at different stages in patients without a BM. The accurate measurement of BBB leakage has the potential to be established as an effective biomarker for predicting BM.



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 authors.



Ethics statement

The studies involving human participants were reviewed and approved by the ethics committee of the third affiliated Hospital of Kunming Medical University. The patients/participants provided their written informed consent to participate in this study.



Author contributions

D-FZ: Data curation, Methodology, Software, Writing- Original draft preparation. Y-QC: Conceptualization, Writing- Reviewing and Editing. G-JY: Visualization, Investigation. Y-YD: Supervision. HM, X-FX: Writing- Reviewing and Editing. B-CS, M-YF: Software. Z-PZ, Y-FH: Data curation. All authors contributed to the article and approved the submitted version.



Funding

This work was supported by National Natural Science Foundation of China (82060259, 81760296, 82001986); Yunnan Province High-Level Health Technical Talents (leading talents) (L-2019004, L-2019011); Yunnan Province Special Project for Famous Medical Talents of the “Ten Thousand Talents Program” (YNWRMY- 2018-040, YNWR-MY-2018-041); Yunnan digitalization, development and application of biotic resource (202002AA100007); The Outstanding Youth Science Foundation of Yunnan Basic Research Project (202101AW070001). Innovation Team of Kunming Medical University (CXTD202110). The Applied Basic Research Projects of Yunnan Province (2019FE001-083).



Acknowledgments

This study is a joint effort of many investigators and staff members, and their contribution is gratefully acknowledged. We especially thank all patients who participated in this study. We thank Elsevier Webshop - Author Services for editorial and language assistance.



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.



Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fonc.2022.1015011/full#supplementary-material



References

1. Achrol, AS, Rennert, RC, Anders, C, Soffietti, R, Ahluwalia, MS, Nayak, L, et al. Brain metastases. Nat Rev Dis Primers (2019) 5(1):5. doi: 10.1038/s41572-018-0055-y

2. Lauko, A, Mu, Z, Gutmann, DH, Naik, UP, and Lathia, JD. Junctional adhesion molecules in cancer: A paradigm for the diverse functions of cell-cell interactions in tumor progression. Cancer Res (2020) 80(22):4878–85. doi: 10.1158/0008-5472.Can-20-1829

3. Bertolini, F, Spallanzani, A, Fontana, A, Depenni, R, and Luppi, G. Brain metastases: an overview. CNS Oncol (2015) 4(1):37–46. doi: 10.2217/cns.14.51

4. Ostrom, QT, Wright, CH, and Barnholtz-Sloan, JS. Brain metastases: epidemiology. Handb Clin Neurol (2018) 149:27–42. doi: 10.1016/b978-0-12-811161-1.00002-5

5. Gavrilovic, IT, and Posner, JB. Brain metastases: epidemiology and pathophysiology. J Neurooncol (2005) 75(1):5–14. doi: 10.1007/s11060-004-8093-6

6. Page, S, Milner-Watts, C, Perna, M, Janzic, U, Vidal, N, Kaudeer, N, et al. Systemic treatment of brain metastases in non-small cell lung cancer. Eur J Cancer (2020) 132:187–98. doi: 10.1016/j.ejca.2020.03.006

7. Noh, T, and Walbert, T. Brain metastasis: clinical manifestations, symptom management, and palliative care. Handb Clin Neurol (2018) 149:75–88. doi: 10.1016/b978-0-12-811161-1.00006-2

8. Lah, TT, Novak, M, and Breznik, B. Brain malignancies: Glioblastoma and brain metastases. Semin Cancer Biol (2020) 60:262–73. doi: 10.1016/j.semcancer.2019.10.010

9. Schuler, M, Wu, YL, Hirsh, V, O'Byrne, K, Yamamoto, N, Mok, T, et al. First-line afatinib versus chemotherapy in patients with non-small cell lung cancer and common epidermal growth factor receptor gene mutations and brain metastases. J Thorac Oncol (2016) 11(3):380–90. doi: 10.1016/j.jtho.2015.11.014

10. Cagney, DN, Martin, AM, Catalano, PJ, Redig, AJ, Lin, NU, Lee, EQ, et al. Incidence and prognosis of patients with brain metastases at diagnosis of systemic malignancy: a population-based study. Neuro Oncol (2017) 19(11):1511–21. doi: 10.1093/neuonc/nox077

11. Denkins, Y, Reiland, J, Roy, M, Sinnappah-Kang, ND, Galjour, J, Murry, BP, et al. Brain metastases in melanoma: roles of neurotrophins. Neuro Oncol (2004) 6(2):154–65. doi: 10.1215/s115285170300067x

12. Gupta, S, Dhanda, S, and Sandhir, R. Anatomy and physiology of blood-brain barrier. In: Brain targeted drug delivery system. Elsevier (2019). p. 7–31. doi: 10.1016/B978-0-12-814001-7.00002-0

13. Serlin, Y, Shelef, I, Knyazer, B, and Friedman, A. Anatomy and physiology of the blood-brain barrier. Semin Cell Dev Biol (2015) 38:2–6. doi: 10.1016/j.semcdb.2015.01.002

14. Alexander, JJ. Blood-brain barrier (BBB) and the complement landscape. Mol Immunol (2018) 102:26–31. doi: 10.1016/j.molimm.2018.06.267

15. Sevenich, L, Bowman, RL, Mason, SD, Quail, DF, Rapaport, F, Elie, BT, et al. Analysis of tumour- and stroma-supplied proteolytic networks reveals a brain-metastasis-promoting role for cathepsin s. Nat Cell Biol (2014) 16(9):876–88. doi: 10.1038/ncb3011

16. Li, B, Wang, C, Zhang, Y, Zhao, XY, Huang, B, Wu, PF, et al. Elevated PLGF contributes to small-cell lung cancer brain metastasis. Oncogene (2013) 32(24):2952–62. doi: 10.1038/onc.2012.313

17. Jilaveanu, LB, Parisi, F, Barr, ML, Zito, CR, Cruz-Munoz, W, Kerbel, RS, et al. PLEKHA5 as a biomarker and potential mediator of melanoma brain metastasis. Clin Cancer Res (2015) 21(9):2138–47. doi: 10.1158/1078-0432.Ccr-14-0861

18. Reiber, H. Flow rate of cerebrospinal fluid (CSF)–a concept common to normal blood-CSF barrier function and to dysfunction in neurological diseases. J Neurol Sci (1994) 122(2):189–203. doi: 10.1016/0022-510x(94)90298-4

19. Mackay, M, Tang, CC, and Vo, A. Advanced neuroimaging in neuropsychiatric systemic lupus erythematosus. Curr Opin Neurol (2020) 33(3):353–61. doi: 10.1097/wco.0000000000000822

20. Veksler, R, Vazana, U, Serlin, Y, Prager, O, Ofer, J, Shemen, N, et al. Slow blood-to-brain transport underlies enduring barrier dysfunction in American football players. Brain (2020) 143(6):1826–42. doi: 10.1093/brain/awaa140

21. Weissberg, I, Veksler, R, Kamintsky, L, Saar-Ashkenazy, R, Milikovsky, DZ, Shelef, I, et al. Imaging blood-brain barrier dysfunction in football players. JAMA Neurol (2014) 71(11):1453–5. doi: 10.1001/jamaneurol.2014.2682

22. Cramer, SP, Simonsen, H, Frederiksen, JL, Rostrup, E, and Larsson, HB. Abnormal blood-brain barrier permeability in normal appearing white matter in multiple sclerosis investigated by MRI. NeuroImage Clin (2014) 4:182–9. doi: 10.1016/j.nicl.2013.12.001

23. Merali, Z, Huang, K, Mikulis, D, Silver, F, and Kassner, A. Evolution of blood-brain-barrier permeability after acute ischemic stroke. PloS One (2017) 12(2):e0171558. doi: 10.1371/journal.pone.0171558

24. Sweeney, MD, Sagare, AP, and Zlokovic, BV. Blood-brain barrier breakdown in Alzheimer disease and other neurodegenerative disorders. Nat Rev Neurol (2018) 14(3):133–50. doi: 10.1038/nrneurol.2017.188

25. Li, KL, Djoukhadar, I, Zhu, X, Zhao, S, Lloyd, S, McCabe, M, et al. Vascular biomarkers derived from dynamic contrast-enhanced MRI predict response of vestibular schwannoma to antiangiogenic therapy in type 2 neurofibromatosis. Neuro Oncol (2016) 18(2):275–82. doi: 10.1093/neuonc/nov168

26. Ellingson, BM, Bendszus, M, Sorensen, AG, and Pope, WB. Emerging techniques and technologies in brain tumor imaging. Neuro Oncol (2014) 16 Suppl 7(Suppl 7):vii12–23. doi: 10.1093/neuonc/nou221

27. Detterbeck, FC, Boffa, DJ, Kim, AW, and Tanoue, LT. The eighth edition lung cancer stage classification. Chest (2017) 151(1):193–203. doi: 10.1016/j.chest.2016.10.010

28. Destrieux, C, Fischl, B, Dale, A, and Halgren, E. Automatic parcellation of human cortical gyri and sulci using standard anatomical nomenclature. Neuroimage (2010) 53(1):1–15. doi: 10.1016/j.neuroimage.2010.06.010

29. Heye, AK, Thrippleton, MJ, Armitage, PA, Valdés Hernández, MDC, Makin, SD, Glatz, A, et al. Tracer kinetic modelling for DCE-MRI quantification of subtle blood-brain barrier permeability. Neuroimage (2016) 125:446–55. doi: 10.1016/j.neuroimage.2015.10.018

30. Patlak, CS, Blasberg, RG, and Fenstermacher, JD. Graphical evaluation of blood-to-brain transfer constants from multiple-time uptake data. J Cereb Blood Flow Metab (1983) 3(1):1–7. doi: 10.1038/jcbfm.1983.1

31. Barnes, SR, Ng, TS, Montagne, A, Law, M, Zlokovic, BV, and Jacobs, RE. Optimal acquisition and modeling parameters for accurate assessment of low ktrans blood-brain barrier permeability using dynamic contrast-enhanced MRI. Magn Reson Med (2016) 75(5):1967–77. doi: 10.1002/mrm.25793

32. Wong, SM, Jansen, JFA, Zhang, CE, Staals, J, Hofman, PAM, van Oostenbrugge, RJ, et al. Measuring subtle leakage of the blood-brain barrier in cerebrovascular disease with DCE-MRI: Test-retest reproducibility and its influencing factors. J Magn Reson Imaging (2017) 46(1):159–1665. doi: 10.1002/jmri.25540

33. Larsson, HB, Courivaud, F, Rostrup, E, and Hansen, AE. Measurement of brain perfusion, blood volume, and blood-brain barrier permeability, using dynamic contrast-enhanced T(1)-weighted MRI at 3 tesla. Magn Reson Med (2009) 62(5):1270–81. doi: 10.1002/mrm.22136

34. Brookes, JA, Redpath, TW, Gilbert, FJ, Murray, AD, and Staff, RT. Accuracy of T1 measurement in dynamic contrast-enhanced breast MRI using two- and three-dimensional variable flip angle fast low-angle shot. J Magn Reson Imaging (1999) 9(2):163–71. doi: 10.1002/(sici)1522-2586(199902)9:2<163::aid-jmri3>3.0.co;2-l

35. Lavini, C, and Verhoeff, JJ. Reproducibility of the gadolinium concentration measurements and of the fitting parameters of the vascular input function in the superior sagittal sinus in a patient population. Magn Reson Imaging (2010) 28(10):1420–30. doi: 10.1016/j.mri.2010.06.017

36. Tzourio-Mazoyer, N, Landeau, B, Papathanassiou, D, Crivello, F, Etard, O, Delcroix, N, et al. Automated anatomical labeling of activations in SPM using a macroscopic anatomical parcellation of the MNI MRI single-subject brain. Neuroimage (2002) 15(1):273–89. doi: 10.1006/nimg.2001.0978

37. Soffietti, R, Abacioglu, U, Baumert, B, Combs, SE, Kinhult, S, Kros, JM, et al. Diagnosis and treatment of brain metastases from solid tumors: guidelines from the European association of neuro-oncology (EANO). Neuro Oncol (2017) 19(2):162–74. doi: 10.1093/neuonc/now241

38. Paduch, R. "The role of lymphangiogenesis and angiogenesis in tumor metastasis. Cell Oncol (Dordr) (2016) 39(5):397–410. doi: 10.1007/s13402-016-0281-9

39. Hanahan, D, and Weinberg, RA. Hallmarks of cancer: the next generation. Cell (2011) 144(5):646–74. doi: 10.1016/j.cell.2011.02.013

40. Bart, J, Groen, HJ, Hendrikse, NH, van der Graaf, WT, Vaalburg, W, and de Vries, EG. The blood-brain barrier and oncology: new insights into function and modulation. Cancer Treat Rev (2000) 26(6):449–62. doi: 10.1053/ctrv.2000.0194

41. Liebner, S, Fischmann, A, Rascher, G, Duffner, F, Grote, EH, Kalbacher, H, et al. Claudin-1 and claudin-5 expression and tight junction morphology are altered in blood vessels of human glioblastoma multiforme. Acta Neuropathol (2000) 100(3):323–31. doi: 10.1007/s004010000180

42. Shibata, S. Ultrastructure of capillary walls in human brain tumors. Acta Neuropathol (1989) 78(6):561–71. doi: 10.1007/bf00691283

43. Nduom, EK, Yang, C, Merrill, MJ, Zhuang, Z, and Lonser, RR. Characterization of the blood-brain barrier of metastatic and primary malignant neoplasms. J Neurosurg (2013) 119(2):427–33. doi: 10.3171/2013.3.Jns122226

44. Lüdemann, L, Grieger, W, Wurm, R, Wust, P, and Zimmer, C. Quantitative measurement of leakage volume and permeability in gliomas, meningiomas and brain metastases with dynamic contrast-enhanced MRI. Magn Reson Imaging (2005) 23(8):833–41. doi: 10.1016/j.mri.2005.06.007

45. Arvanitis, CD, Ferraro, GB, and Jain, RK. The blood-brain barrier and blood-tumour barrier in brain tumours and metastases. Nat Rev Cancer (2020) 20(1):26–41. doi: 10.1038/s41568-019-0205-x

46. Gong, L, Wang, QI, Zhao, L, Yuan, Z, Li, R, and Wang, P. Factors affecting the risk of brain metastasis in small cell lung cancer with surgery: is prophylactic cranial irradiation necessary for stage I-III disease? Int J Radiat Oncol Biol Phys (2013) 85(1):196–200. doi: 10.1016/j.ijrobp.2012.03.038

47. Chen, Y, Li, J, Zhang, Y, Hu, Y, Zhang, G, Yan, X, et al. Early versus late prophylactic cranial irradiation in patients with extensive small cell lung cancer. Strahlenther Onkol (2018) 194(10):876–85. doi: 10.1007/s00066-018-1307-1

48. Yang, Q, Zhang, P, Wu, R, Lu, K, and Zhou, H. Identifying the best marker combination in CEA, CA125, CY211, NSE, and SCC for lung cancer screening by combining ROC curve and logistic regression analyses: Is it feasible? Dis Markers (2018) 2018:2082840. doi: 10.1155/2018/2082840

49. Zhang, L, Liu, D, Li, L, Pu, D, Zhou, P, Jing, Y, et al. The important role of circulating CYFRA21-1 in metastasis diagnosis and prognostic value compared with carcinoembryonic antigen and neuron-specific enolase in lung cancer patients. BMC Cancer (2017) 17(1):96. doi: 10.1186/s12885-017-3070-6

50. Seano, G, Nia, HT, Emblem, KE, Datta, M, Ren, J, Krishnan, S, et al. Solid stress in brain tumours causes neuronal loss and neurological dysfunction and can be reversed by lithium. Nat BioMed Eng (2019) 3(3):230–45. doi: 10.1038/s41551-018-0334-7



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 Zhang, Ma, Yang, Zhang, He, Feng, Shan, Xu, Ding and Cheng. 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.


OEBPS/Images/fonc-12-1015011-g002.jpg
Signal intensity- time Signal intensity- time
Curve of tissue Curve of VIF

T: mapping Phantoms

Concentration-time Concentration-time
curves of tissue Ct curves of plasma Cp

Patlak Graphical Approach
Ct(t) — g Trans f Otcl"'(r)d'r

= +v

c,(®) ¢, (o) g






OEBPS/Images/fonc-12-1015011-g004.jpg
M !h_G_and_S_transv_frontopol M Ih_G_and_S_cingul-Mid-Ant Wl Th_G_Ins_Ig and_S_cent_ins B Lecfi-Thalamus Bl Lefi-Putamen B Lefi-Pallidum Left-Hippocampus
B 1h_Lat_Fis-post M 1h_S_cingul-Marginalis B |h_S_interm_prim-Jensen B Lefi-VentralDC i > n-White-Matter B Right-Thalamus

M 1h_S_oc_middle_and_Lunatus M Th_S_oc-temp_med_and_Lingual M Right-Pallidum ight-Accumbens-area B Right-VentralDC
M th S oc-temp | and_Lingual rh_G_occipital_sup th tral Left-Amygdala I Right-Putamen Right-choroid-plexus






OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Blood–brain barrier and brain structural changes in lung cancer patients with non-brain metastases

      

        		

          Purpose

        



        		

          Patients and methods

        



        		

          Results

        



        		

          Conclusion

        



        		

          1 Introduction

        



        		

          2 Materials and methods

        

          		

            2.1 Participants

          



          		

            2.2 Imaging

          

            		

              2.2.1 MRI acquisition

            



            		

              2.2.2 Analysis of the cerebral cortex and subcortical structures

            



            		

              2.2.3 BBB data processing

            



          



          



        



        



        		

          3 Statistical analysis

        



        		

          4 Results

        

          		

            4.1 Demographic and clinical characteristics

          



          		

            4.2 BBB leakage in patients with LC

          



          		

            4.3 Changes in cerebral cortex thickness and volume

          



          		

            4.4 The correlations between the tumor diameter, serum marker, cortical thickness, volume and BBB leakage

          



        



        



        		

          5 Discussion

        



        		

          6 Conclusion

        



        		

          Data availability statement

        



        		

          Ethics statement

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          Conflict of interest

        



        		

          Supplementary material

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fonc-12-1015011-g001.jpg
Potentially eligible participants
Excluded

N=115

Step 1

-Claustrophobia, n=1
-Contra Indication for MRI, n=1

enrollment _ -Contrast agent allergy , n=1
: Imaging, n=112 :

Participant

[ 3D-SPGR DCE-MRI |
(volume, cortex thlckness) (BBB) B clnded

. |-Image conversion error, n=2

. |-Calculation error, n=2

. |-Arterial input function error , n=2
i |-Contrast injection failed, n=1

. |-Deficiency image, n=1

Step 2 Excluded
Data -Head motion, n=1
processing -deficiency image,n=1

N=110 N=104

.
.........................................................................

Matching 3D-SPGR and DCE-MRI
Step 3 : :

Statistical

analysis Statistical analysis of volume, cortex
thickness and BBB

...........................................................................






OEBPS/Images/logo.jpg
& frontiers | Frontiers in Oncology





OEBPS/Images/fonc.2022.1015011_cover.jpg
, frontiers ‘ Frontiers in Oncology

Blood-brain barrier and brain
structural changes in lung
cancer patients with non-brain
metastases





OEBPS/Images/fonc-12-1015011-g003.jpg
=39)

n
=8 @
8o
& § 57
L3t
LR
z 8%
s 4 25
5 >80
55 5&
s
o w <o

Cortical thickness difference

5
2
it
£ 5
8 I
P 3
R § g g
W 358 5808
=3 8
ﬂn.m,m Y85
S 3 9o% LS3c
£>588 5237
eT8e 258T
£ e2¢cg
5535 ]
ow<3 E2SE
§
-- ow<go
it 11
.tc
a .. 0
3 ]
g . g
[
& e I
(]
£ - E
Q i a
o .. ©
) E
m -bc 3
e . [
8 . >
- =
g 8
® 4
o

0.4
2
o
N
8
&
&

-
]

0.6

®w 3 o a9 =
2 3 2 8 3
g8 8 8 8 8
S 8 8 S o

(,suunu)ebexes| gag (%) uteiq Jo jued sod‘awnion uoiey %oy

P~ d O





OEBPS/Images/fonc-12-1015011-g005.jpg





OEBPS/Images/table1.jpg
Controls (n = 29) Early lung cancer (n = 39) Advanced lung cancer (n = 36) x2/F/pn pvalue

gender

male/female 15/14 15/24 24/12 5.986 0.05"
Age(mean + SD), year 51.07 + 9.67 55.59 +8.23 56.06 + 8.99 3.059 0.051°
Smoking(%) 10/29 9/30 16/20 3.84 0.147%
Tumor diameter (cm) (mean + SD) 1.62 +0.94 493 +2.35 -8.103 0.000%c
KPS score(mean + SD) 95.00 £ 7.77 9615/ 7.11 94.44 + 6.95 0.568 0.568"
Clinical stage NA!
I 39 0

1l 0 4

1 0 20

v 0 12

Pathological type x2

Squamous cell carcinoma 7 13 7.396 0.092°
Adenocarcinoma 29 18

Small Cell Lung Cancer 3 5

Tumor markers (25%,50%,75%) u

CEA 1.53, 2.25, 3.57 1.87,4.38, 10.33 446.50 0.007%e
NSE 9.60, 11.80, 13.40 11.75, 13.70,21.96 397.50 0.001*e
CYFRA21-1 1,40, 2.00,2.60 2.625,4.500,7.025 223.00 0.000%e
sCC 0.70,0.80,1.00 0.72,1.10,1.47 493.00 0.026%e

Data are expressed as Mean + SD, n (%) or InterQuartile Range(P2s,Pso,P7s). “The P values are obtained by using %2 test. >The P values are obtained by using one-way ANOVA. “The P
values are obtained by using two sample t-test. “There is no statistical analysis. “The P values are obtained by Kruskal-Wallis test. *P<0.05 is considered significant. CEA, carcinoembryonic
antigen; NSE, neuron-specific enolase; CYFRA21-1, cytokeratins21-1; SCC, squamous cell carcinoma antigen.





