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Microdissection of Human 
Esophagogastric Junction Wall 
with Phase-contrast X-ray CT 
Imaging
Jianfa Zhang1, Guangzhao Zhou2, Dongping Tian3,4, Runhua Lin3, Guanyun Peng2 & 
Min Su3,4

Phase-contrast x-ray imaging using an x-ray interferometer has great potential to reveal the 
structures inside soft tissues, because the sensitivity of this method to hydrogen, carbon, nitrogen, 
and oxygen is about 1000 times higher than that of the absorption-contrast x-ray method. In this 
study, we used phase-contrast X-ray CT to investigate human resected esophagogastric junction. 
This technology revealed the three-layer structure of the esophagogastric junction wall—mucous, 
submucosa and muscular layers. The mucous and muscular layers were clearly separated by a loose 
submucosa layer with a honeycomb appearance. The shape of the mucous and muscular layers 
was intact. The boundary between the mucous and submucosa layers was distinct, as was the 
border of the muscular and submucosa layers. The surface of the esophagogastric junction was 
displayed clearly through 3D reconstruction. The technology might be helpful in the diagnosis of 
esophagogastric junction lesion, especially for the early adenocarcinoma.

The esophagogastric junction (OGJ) is located between the oesophagus and the stomach. It is a highly 
specialized anatomical region that is often difficult to understand1. The esophagogastric junction is 
important that backflow of stomach secretions into the oesophagus is controlled at the OGJ opening only 
transiently to allow passage of the swallowed food into the stomach. The diaphragmatic hiatus, through 
which the oesophagus passes at the OGJ, has a role in this valvular mechanism2,3. Its dynamic action is 
dependant upon the intrinsic and extrinsic effects of its own anatomical structure and its position with 
respect to the surrounding organs in this region of the body4.

Several structures are important in maintaining a barrier at the OGJ. The lower oesophageal sphinc-
ter (LOS) forms part of the OGJ structure. The intrinsic muscles of the distal oesophagus and the sling 
fibers of the proximal stomach make up the internal mechanism structures of the LOS. The muscles of 
the diaphragm hat connect to the OGJ make up the crural diaphragm and this constitutes the external 
LOS mechanism structures. The tissue that connects the distal oesophagus to the crural diaphragm is 
known as the phreno-oesophageal ligament5.

The OGJ can be distinguished from the body of the oesophagus by its behavior pattern. There is an 
increase in the tone of the circular muscle in this region. The sphincter relaxes in response to a swallow 
and this usually precedes the arrival of a contraction wave travelling down the oesophagus. This phase 
of relaxation is followed by a short-lasting elevation of pressure above resting values. In recent years 
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it has been known that the sphincter sometimes relaxes even when a swallow does not occur. These 
relaxations are known as transient lower oesophageal sphincter relaxations (tLOSRs)6. Pressures in the 
abdominal and thoracic cavities are involved in creating the barrier, as well as the exact intra-abdominal 
location of the junction. Time and posture are also important factors. Various kinds of diseases, includ-
ing malignant tumors, occur frequently in the esophagogastric junction. The adenocarcinoma incidence 
of the OGJ has obviously increased in recent years. However, the prognosis of patients with adenocarci-
noma of esophagogastric junction (AEG) has not been improved, because of the result of major patients 
being diagnosed at an advanced stage7. Therefore, there is a significant need for improved non-invasive, 
high-resolution imaging techniques that can display clearly in the esophagogastric junction wall for the 
early detection and diagnosis of esophagogastric junction adenocarcinoma.

The esophagogastric junction examination mainly depends on these methods such as CT8–11, magnetic 
resonance imaging (MRI)10,12, endoscopy13 and gas-barium doublecontrast X-ray gastrointestinalgraphy14.

Gas-barium double contrast X-ray gastrointestinalgraphy is a common clinical tool to assess eso-
phagogastric junction conditions. CO2-barium is most commonly used, because of higher safety and 
lower price. Before the examination, some aerogenic powders are taken orally by patients. Reactions 
between the dry powders won’t take place until they encounter water. The esophagogastric junction 
will be expanded by the produced CO2 gas. After a few minutes, the patients take orally barium. The 
CO2-barium double contrast X-ray imaging can not only provide optimal visualization of mucosal fold, 
but also evaluate the esophagogastric junction peristaltic function14. However, the method is prohibited 
to use, when a patient is suspected of gastrointestinal perforation or complete obstruction. Because bar-
ium sulfate leaking out of the digestive tract can cause infection or granuloma formation for gastroin-
testinal perforation patients, while gastrointestinal obstruction in patients with oral barium sulfate may 
enhance obstruction symptoms. So, iodine is usually used in these patients. Moreover, conventional 
X-ray double-contrast imaging involves absorption imaging, which distinguishes different tissues accord-
ing to the linear attenuation coefficient (μ ). The μ  values are proportional to tissue density. With 1- to 
2-mm spatial resolution with conventional imaging, the lowest density difference that can be detected is 
only 0.01 g cm−3. Hence, although high contrast can be achieved for tissues with different proportions of 
light and heavy elements, distinguishing the subtle structure differences in soft tissues that contain only 
light elements is difficult. The low-density contrast of X-ray absorption imaging is the main obstacle in 
clinical practice15.

Clinical CT provides good spatial resolution while MRI provides good contrast resolution of soft 
tissues. They may clearly show the esophagogastric junction relationship with adjacent tissue (iodine 
is usually used in order to enhance contrast of gastrointestinal tract with the surrounding tissue in 
CT scan). However, both of the techniques can’t display fine structure of esophagogastric junction wall 
due to their limited image resolution being on the millimeter-scale. In addition, MRI has limited spa-
tial resolution and long acquisition time16,17. The micro-CT can distinguish a tissue density difference 
of 0.01 g/cm3. The spatial resolution of micro-CT can reach 2 μ m18, but its image resolution is still at 
millimeter-scale if without the use of imaging agents. Endoscopy is the only technique that can be used 
to directly observe the esophagogastric junction lumen in vivo, the esophagogastric junction mucosal 
folds are clearly observed. However, the downside of endoscopy is invasiveness and may cause discomfort 
even the risk of perforation and bleeding for patients during examination. In addition, the technique has 
limitations in discerning esophagogastric junction wall layering.

Synchrotron-radiation hard X-ray phase-contrast imaging (SR-PCI) is a newly developed imaging 
modality. It uses phase-contrast information, developed by the redistribution of light intensity when 
penetrating tissues, and depends on the refractive effect of X-ray in sample. According to the refractive 
index formula, n =  1 −  δ  +  iβ , where δ  =  reρ eλ 2/2π  and β  =  μ λ /4π ; δ  is correlated with the phase and β  
is correlated with the absorption coefficient μ . With C2H4, for example, the phase-correlated index δ  
of 25 keV X-rays ( λ  =  0.496 A°) is 3.5 ×  10−7, yet the absorption-correlated index β  is 8.1 ×  10−11. δ  is 
higher than β  by about 3 orders of magnitude, and the phase contrast can reach 0.0003 g cm-3. So in 
theory, the contrast of light elements can reach 1000 times that of conventional absorption imaging19.

The principle of synchrotron-radiation X-ray phase-contrast imaging is based on Fresnel diffraction 
theory. The experiment setup, when using a synchrotron radiation light source, is simple, requiring only 
a double-crystal monochromator, a sample stage and a detector. Figure  1 shows the real photo of the 
experiment setup15,18.

From the advantages mentioned above, synchrotron-radiation phase-contrast imaging has broad 
prospects in domains such as biomedicine and material science. In vitro high-resolution SR-PCI can be 
used for imaging breast, lung, liver and kidney tissue, and achieves excellent soft-tissue contrast without 
the use of enhancement agents20. We have successfully used it for esophageal imaging. Yet the use of 
SR-PCI has not been reported for the esophagogastric junction.

We used the BL13W1 beamline at the Shanghai Synchrotron Radiation Facility (SSRF), to investigate 
the use of phase-contrast X-ray CT imaging for the esophagogastric junction In vitro. In addition, we 
explored the ability of this imaging modality to demonstrate the fine structure in the esophagogastric 
junction wall layering.
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Results
Phase-contrast X-ray CT imaging by synchrotron-radiation broadband monochromatic light clearly 
depicted the normal esophagogastric junction wall, including the mucous, submucosa and muscular 
layers (Figs 2 and 3). The mucous and muscular layers were clearly separated by a loose submucosa layer, 
with a honeycomb appearance (Fig. 4). The shape of the mucous and muscular layers was complete. The 
boundary between the mucous and submucosa layers was distinct, and the same as the muscular and 
submucosa layers. The surface of the esophagogastric junction was displayed clearly through 3D recon-
struction (Fig. 3). We found many strips of tubular low-density areas in the muscular layer, which were 
crevices that might be caused by fiber contraction during fixation or open-air drying (Fig. 4). For com-
parison, we show a gas-barium double contrast X-ray image and CT image of esophagogastric junction 
tissue from the same patients (Fig. 5). The gas-barium double contrast X-ray image showed the mucosa, 
displaying stellate high-density shadows (caused by the barium sulfate coating on the esophagogastric 
junction mucosa surface), as well as gas filling the esophagogastric junction lumen. CT revealed the 

Figure 1.  The picture of BL13W1 beamline partial facility of SSRF. 1. A multidimensional specimen table. 
The specimens are placed on the specimen table to rotate and specimens were obtained in different angles. 
2. An X-ray CCD. It obtained specimens’ projective images with high-resolution. 3. The precise guide rail. It 
can control the exact distance from the CCD to the specimens.

Figure 2.  Horizontal scan (A) and histology staining of the esophagogastric junction (B). The normal 
esophagogastric junction wall was clearly depicted with Phase-contrast X-ray CT including the mucous, 
submucosa and muscular layers (A). muc: mucous layer; sub: submucosa layer; mus: muscular layer.



www.nature.com/scientificreports/

4Scientific Reports | 5:13831 | DOI: 10.1038/srep13831

esophagogastric junction wall in relation to adjacent tissues. However, both techniques combined could 
not discriminate the layers of the esophagogastric junction wall.

Discussion
Our phase-contrast X-ray CT imaging of the esophagogastric junction specimens clearly revealed the 
three-layer structure of the esophagogastric junction wall, comprised of the mucous, submucosa and 
muscular layers. In particular, the submucosa layer was distinctly different from the mucous and mus-
cular layers and had a honeycomb appearance. The shape of the mucous and muscular layers was intact. 
The boundary between the mucous and submucosa layers was distinct, as was the border of the muscular 
and submucosa layers. The surface of the esophagogastric junction was displayed clearly through 3D 
reconstruction. All of these results can provide an imaging basis for the esophagogastric junction wall 
and might be helpful in the diagnosis of esophagogastric junction lesion, especially for the early adeno-
carcinoma. According to the tumor staging by the Union for International Cancer Control19, primary 
esophagogastric junction adenocarcinoma is classified into 6 stages, as shown in Table 1. When tumor 
invaded the submucosa (T1), the morphologic features of the submucosa change, and with muscularis 
propria or adventitia invasion (T2 or T3), the total submucosa is absent. Therefore, phase-contrast CT 
imaging can provide useful information for qualitative diagnosis of esophagogastric junction tumors, and 
the clarity of the image could allow for tumor staging.

With improvements in image resolution with phase-contrast CT imaging, the possibility of using 
X-rays to analyze tiny structures of the esophagogastric junction wall would be possible with the high 
flux density of 3rd generation synchrotron radiation. The technology will provide useful information 
(the esophagogastric junction wall layering) for the imaging of the esophagogastric junction wall. In our 
experiment, phase-contrast X-ray CT imaging also showed mucosa. However, our specimens were fixed 
and air-dried, so the shape differed from the original morphologic features.

Our study has several limitations17. First, our specimens were fixed and air-dried, which led to water 
content loss, so some tissues showed differences in vivo and some useful information might be lost. 
This imaging technique still cannot be used in vivo. We designed this in vitro study in order to show 
the potential for future in vivo use. Recently, however, a Talbot-type imaging interferometer raised the 
possibility of yielding quantitative differential phase-contrast images with conventional X-ray tubes21. It 
is highly probable that phase-contrast X-ray imaging can be applied to clinical trials in the near future. 
Second, phase-contrast field of view is too narrow to adapt to large sample. With the use of a monolithic 
X-ray interferometer made from a silicon ingot, the maximum achievable image size is limited by its 
diameter. The Talbot-type imaging interferometer is currently being developed to obtain a larger field of 
view and might resolve this problem21.

In summary, phase-contrast CT imaging can clearly depict the three-layer structure of the the eso-
phagogastric junction wall without the need for a contrast agent and can display the mucous plane 
without the need for barium sulfate. This technique is currently not applicable in clinical practice. We 

Figure 3.  3D image of the esophagogastric junction. The shape of the mucous and muscular layers was 
complete. The boundary between the mucous and submucosa layers was distinct, and the same as the 
muscular and submucosa layers. The surface of the esophagogastric junction was displayed clearly. Crevice 
was revealed (double arrow in A).
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only describe a new method using phase-contrast x-ray CT that has a high sensitivity and specificity for 
noninvasive detection of the esophagogastric junction. The method has a high clinical potential. Once 
developed into a clinical routine22, this x-ray phase-contrast imaging methodology could have a great 
impact on diagnosis and treatment in patients with esophagogastric junction lesion, especially for the 
early adenocarcinoma.

Methods
Specimen preparation.  We sent three samples of inferior-segment esophageal carcinoma tissue in 
which containing the OGJ to the Pathology Department at Shantou University Medical College for patho-
logical examination. The esophageal carcinoma tissue was washed with 0.9% sodium chloride repeatedly 
to remove the coated mucus and blood, then immersed in 10% formalin solution for 1 day. Three speci-
mens, normal esophagogastric junction wall (with mucous, submucosa, muscular and serosa layers) were 
extracted from the whole sample. The normal tissues, away from carcinoma tissue, were horizontally 
cut into strips of 10 ×  4 ×  3 mm. Then the 3 prepared specimens were immersed in 10% formalin for an 
additional 2 days. The specimens were fixed, air-dried at room temperature, placed into plastic tubes for 
imaging. Participants who provided samples gave their written informed consents for use of the tissue 
(These were also the participants who involved in the X-ray imaging and CT scanning). The methods 
were carried out in accordance with the approved guidelines. Our research has been approved by Ethical 
Committee of Shantou University Medical College.

Phase-contrast X-ray CT imaging.  Synchrotron-radiation phase-contrast X-ray CT of esophago-
gastric junction specimens involved use of the beamline BL13W at the SSRF. The synchrotron radiation 
source for the BL13W is a hybrid-type wiggler with periodic length was 14 cm and a period number of 
8. The fundamental radiation covered from 8.0 to 72.5 keV energy by tuning the gap from 17 to 35 mm. 
A fixed-exit double-crystal cryogenic-cooling monochromator was placed 28 m from the source point. 

Figure 4.  Longitudinal scan of the esophagogastric junction. Submucosa layer was displayed honeycomb 
appearance (A). The mucous and muscular layers were relatively close-grained (B,C). Some strips of tubular 
low-densuty areas in muscular layer were crevices (double arrow in C).
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The monochromator crystal was a combination of a Si(111) orientation crystal and a Si(311) orientation 
crystal. A high-precision sample stage, allowing for translation along all of the three-space directions 
with resolution > 1 micron, and rotation in all 3 axes was used for positioning the sample and rotating 
the sample axis perpendicular to the beam. The total acceptance angle was 1.5 mrad in the horizontal 
direction and 0.2 mrad in the vertical direction. In our experiment, the electron energy was adjusted to 
15 keV.

The highly parallel and monochromatic beam was projected on the object being imaged. When X-ray 
beams traveled through the object, the downstream beams carry the absorption and phase shift infor-
mation. After propagating a sufficient 9-cm distance, the phase shifts in the downstream beams are 
transformed into measurable intensity variations by Fresnel diffraction. An X-ray-sensitive CCD camera, 
with maximum 2048 ×  2048 pixels of 3.7 ×  3.7 μ m, was used as a 2D detector to transform the beam into 
an image. During the CT data acquisition, the specimen was rotated around its cylinder axis for 180°. 
The number of projections was 900, with exposure time 1 s for each projection. Acquired images were 
reconstructed into 2D and 3D images respectively with X-TRACT (TIE-Hom phase retrieval algorithm 
with γ =  550) and Amira, and compared with histopathology findings.

Figure 5.  CT axial view image (A) coronal view image (B) Gas-barium double-contrast X-ray image (C) 
and sketch map (D) of the esophagogastric junction: (A,B) CT demonstrates the esophagogastric junction 
and the relation with adjacent tissues(the empty arrow). (C) Mucosa shows stellate high-density shadow (the 
empty arrow).

T0 No evidence of tumor

Tis Carcinoma in situ

T1 Tumor invades lamina propria or submucosa

T2 Tumor invades muscularis propria

T3 Tumor invades adventitia

T4 Tumor invades adjacent structures

Table 1.   Tumor staging of esophagogastric junction adenocarcinoma.
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X-ray imaging and CT scanning.  These patients were suggested to abdmen-thorax CT scanning, 
then to Gas-barium double contrast X-ray gastrointestinalgraphy of the esophagogastric junction before 
resection. Before the X-ray examination, some aerogenic powders are taken orally by patients. Reactions 
between the dry powders won’t take place until they encounter water. The esophagogastric junction will 
be expanded by the produced CO2 gas. After a few minutes, the patients take orally barium sulfate. The 
mucosa and filling phase are dynamic observed.

Histopathology.  The imaged formalin-fixed samples were dehydrated and embedded in paraffin, 
then cut into 4 μ m-thick sections. Samples were stained with hematoxylin and eosin and examined by 
light microscopy.

References
1.	 Yassi, R. et al. Three-dimensional high-resolution reconstruction of the human gastro-oesophageal junction. Clin. Anat. 23, 

287–296 (2010).
2.	 Boyle, J. T. et al. Role of the diaphragm in the genesis of lower esophageal sphincter pressure in the cat. Gastroenterology 88, 

723–730 (1985).
3.	 McMahon, B. P., Odie, K. D., Moloney, K. W. & Gregersen, H. Computation of flow through the oesophagogastric junction. 

World J Gastroenterol 13, 1360–1364 (2007).
4.	 McMahon, B. P., Drewes, A. M. & Gregersen, H. Functional oesophago-gastric junction imaging. World J Gastroenterol 12, 

2818–2824 (2006).
5.	 Mittal, R. K. & Balaban, D. H. The esophagogastric junction. N. Engl. J. Med. 336, 924–932 (1997).
6.	 Mittal, R. K., Holloway, R. H., Penagini, R., Blackshaw, L. A. & Dent, J. Transient lower esophageal sphincter relaxation. 

Gastroenterology 109, 601–610 (1995).
7.	 Deng, J. Y. & Liang, H. Adenocarcinoma of esophagogastric junction. Chin J Cancer Res 26, 362–363 (2014).
8.	 Shimizu, K., Ito, K., Matsunaga, N., Shimizu, A. & Kawakami, Y. Diagnosis of gastric cancer with MDCT using the water-filling 

method and multiplanar reconstruction: CT-histologic correlation. AJR. Am. J. Roentgenol. 185, 1152–1158 (2005).
9.	 Kim, H. J. et al. Gastric cancer staging at multi-detector row CT gastrography: comparison of transverse and volumetric CT 

scanning. Radiology 236, 879–885 (2005).
10.	 Sohn, K. M. et al. Comparing MR imaging and CT in the staging of gastric carcinoma. AJR. Am. J. Roentgenol. 174, 1551–1557 

(2000).
11.	 van der Geld, Y. G. et al. A four-dimensional CT-based evaluation of techniques for gastric irradiation. Int. J. Radiat. Oncol. Biol. 

Phys. 69, 903–909 (2007).
12.	 Gong, N. J. et al. Increasing the accuracy of volume and ADC delineation for heterogeneous tumor on diffusion-weighted MRI: 

correlation with PET/CT. Int. J. Radiat. Oncol. Biol. Phys. 87, 407–413 (2013).
13.	 Mewes, P. W. et al. Chromoendoscopy in magnetically guided capsule endoscopy. Biomed Eng Online 12, 52 (2013).
14.	 Tang, R. et al. CO(2)-based in-line phase contrast imaging of small intestine in mice. Sci Rep 3, 2313 (2013).
15.	 Zhang, J. et al. Phase-contrast X-ray CT imaging of esophagus and esophageal carcinoma. Sci Rep 4, 5332 (2014).
16.	 Zhang, L. & Luo, S. Micro soft tissues visualization based on x-ray phase-contrast imaging. Open Med Inform J 5, 19–25 (2011).
17.	 Tang, L., Li, G., Sun, Y. S., Li, J. & Zhang, X. P. Synchrotron-radiation phase-contrast imaging of human stomach and gastric 

cancer: in vitro studies. J Synchrotron Radiat 19, 319–322 (2012).
18.	 Tao, Q. & Luo, S. Investigation of gastric cancers in nude mice using X-ray in-line phase contrast imaging. Biomed Eng Online 

13, 101 (2014).
19.	 Richards, D. G., Brown, T. H. & Manson, J. M. Endoscopic ultrasound in the staging of tumours of the oesophagus and gastro-

oesophageal junction. Ann. R. Coll. Surg. Engl. 82, 311–317 (2000).
20.	 Mandal, S. et al. Use of holmium:YAG laser in posterior urethral valves: another method of fulguration. J Pediatr Urol 9, 

1093–1097 (2013).
21.	 Jensen, T. H. et al. Imaging of metastatic lymph nodes by X-ray phase-contrast micro-tomography. PLoS One 8, e54047 (2013).
22.	 Yassi, R. et al. Three-dimensional high-resolution reconstruction of the human gastro-oesophageal junction. Clin. Anat. 23, 

287–296 (2010).

Acknowledgments
This study was sponsored by NSFC-Guangdong joint fund key project(U1132004), NSFC (31171226), 
and Guangdong International Cooperative Technical Innovation Platform(Certificates gihz1106). We 
thank the Shanghai Synchrotron Radiation Facility, Institute of High Energy Physics, Chinese Academy 
of Sciences, for use of the BL13W1 facility.

Author Contributions
D.P.T. analyzed the data, and wrote the paper; J.F.Z. and R.H.L. carried out the experiments, analyzed 
the data, and wrote the paper; G.Z.Z. and G.Y.P. carried out the experiments, and wrote the paper; M.S. 
designed the experiments, analyzed the data.

Additional Information
Competing financial interests: The authors declare no competing financial interests.
How to cite this article: Zhang, J. et al. Microdissection of Human Esophagogastric Junction Wall with 
Phase-contrast X-ray CT Imaging. Sci. Rep. 5, 13831; doi: 10.1038/srep13831 (2015).

This work is licensed under a Creative Commons Attribution 4.0 International License. The 
images or other third party material in this article are included in the article’s Creative Com-

mons license, unless indicated otherwise in the credit line; if the material is not included under the 
Creative Commons license, users will need to obtain permission from the license holder to reproduce 
the material. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/

http://creativecommons.org/licenses/by/4.0/

	Microdissection of Human Esophagogastric Junction Wall with Phase-contrast X-ray CT Imaging

	Results

	Discussion

	Methods

	Specimen preparation. 
	Phase-contrast X-ray CT imaging. 
	X-ray imaging and CT scanning. 
	Histopathology. 

	Acknowledgments

	Author Contributions
	﻿Figure 1﻿﻿.﻿﻿ ﻿ The picture of BL13W1 beamline partial facility of SSRF.
	﻿Figure 2﻿﻿.﻿﻿ ﻿ Horizontal scan (A) and histology staining of the esophagogastric junction (B).
	﻿Figure 3﻿﻿.﻿﻿ ﻿ 3D image of the esophagogastric junction.
	﻿Figure 4﻿﻿.﻿﻿ ﻿ Longitudinal scan of the esophagogastric junction.
	﻿Figure 5﻿﻿.﻿﻿ ﻿ CT axial view image (A) coronal view image (B) Gas-barium double-contrast X-ray image (C) and sketch map (D) of the esophagogastric junction: (A,B) CT demonstrates the esophagogastric junction and the relation with adjacent tissues(the em
	﻿Table 1﻿﻿. ﻿  Tumor staging of esophagogastric junction adenocarcinoma.



 
    
       
          application/pdf
          
             
                Microdissection of Human Esophagogastric Junction Wall with Phase-contrast X-ray CT Imaging
            
         
          
             
                srep ,  (2015). doi:10.1038/srep13831
            
         
          
             
                Jianfa Zhang
                Guangzhao Zhou
                Dongping Tian
                Runhua Lin
                Guanyun Peng
                Min Su
            
         
          doi:10.1038/srep13831
          
             
                Nature Publishing Group
            
         
          
             
                © 2015 Nature Publishing Group
            
         
      
       
          
      
       
          © 2015 Macmillan Publishers Limited
          10.1038/srep13831
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep13831
            
         
      
       
          
          
          
             
                doi:10.1038/srep13831
            
         
          
             
                srep ,  (2015). doi:10.1038/srep13831
            
         
          
          
      
       
       
          True
      
   




