
Relationship between Apparent Diffusion Coefficient
and Tumour Cellularity in Lung Cancer
Lihua Chen1,2., Jiuquan Zhang1., Yongfeng Chen3, Wenwei Wang3, Xiangdong Zhou3, Xiaochu Yan4*,

Jian Wang1*

1Department of Radiology, Southwest Hospital, Third Military Medical University, Chongqing, China, 2Department of Radiology, PLA 101st Hospital, Wuxi Jiangsu, China,

3Department of Respiratory Medicine, Southwest Hospital, Third Military Medical University, Chongqing, China, 4Department of Pathology, Southwest Hospital, Third

Military Medical University, Chongqing, China

Abstract

Background and objective: To prospectively investigate the relationship between the apparent diffusion coefficient (ADC)
and cellularity in lung cancer.

Methods: Sixty patients histopathologically confirmed with lung cancer (41 men, 19 women) underwent diffusion-weighted
magnetic resonance imaging of the chest (with b values of 50 and 1000 s/mm2). The median mean ADC (ADCmean) value
and median minimum ADC (ADCmin) value within each primary tumour were calculated and compared with the median
nucleo-cytoplasmic ratio (NCR), which was selected to represent the cellularity. The correlation between the NCR and
ADCmean/ADCmin was calculated with SPSS 18.0 software.

Results: The mean ADCmean values, ADCmin values and median NCR were (1.0760.12)61023 mm2/s,
(0.8660.14)61023 mm2/s, and (14.962.6) %, respectively, in adenocarcinoma; (0.8860.10)61023 mm2/s,
(0.7360.12)61023 mm2/s, and (20.664.4) %, respectively, in squamous cell carcinoma; and (0.8960.13)61023 mm2/s,
(0.6760.13)61023 mm2/s, and (18.363.5) %, respectively in small cell lung cancer. The NCR of squamous cell carcinoma and
small cell lung cancer is greater than that of adenocarcinoma (P,0.01 and P= 0.002, respectively). There was an inverse
relationship between ADCmean/NCR and ADCmin/NCR (r =20.60, P = 0.001 and r =20.47, P,0.001, respectively).

Conclusion: There is a significant inverse relationship between tumour cellularity and ADC in lung cancer. However, tumour
cellularity most likely is not the sole determinant of the ADC.
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Introduction

Lung cancer comprises almost 25% of all cancer deaths

worldwide, and its incidence rates have risen dramatically over

the last few years [1]. Timely and accurate detection and

assessment of tumour stage in lung cancer plays a crucial role in

planning the appropriate therapy and determining the prognosis.

Diffusion-weighted imaging (DWI), which tracks the micro-

scopic rate of water diffusion within tissues, is a new means of

monitoring tumour progression and response to treatment.

Because it provides information about tissue cellularity and the

integrity of cell membranes, DWI has benefits over traditional

anatomical MRI techniques [2]. With the advent of the parallel

imaging technique and echo-planar MR imaging techniques, DW

imaging of the abdomen and thoracic cavity has become possible

with fast imaging times, which minimises the effects of gross

physiologic motion from respiration and cardiac movement [2].

Different tumour tissues have different cellular structures, which

lead to different ADC values. Previous studies conducted in vitro

[3,4] and in animal models [5,6] showed that the ADC value is

highly inversely correlated with tumour cellularity and could be

used to predict the tumour grade and response to therapy.

Recently, a systematic review and meta-analysis [7] based on

currently available evidence also supports this view in patients.

Traditionally, the application of DWI for evaluation of the chest

has been limited by respiratory and cardiac motion, which cause

severe motion artefacts. With the development of multichannel

magnetic resonance equipment, and fast MR imaging techniques

in combination with parallel images in the last ten years, DWI

integrated with chest MRI has increasing applications in clinical

practice [2,8]. It has been reported that DWI is capable of

effectively evaluating therapeutic efficacy after treatment [9]. Even

more, it also can distinguish lymph nodes with metastatic lung

cancer from those without [10,11], central lung cancer from its

associated atelectasis [12], and malignant solitary pulmonary

nodules from benign ones [13]. However, until now, there have
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been few studies that have discussed whether this is true in patients

with lung cancer [2].

Thus, the purpose of our study was to prospectively assess

whether there is a relationship between the ADC and the

histopathological tumour cellularity in lung cancer.

Materials and Methods

Patients
The Medical Research Ethics Committee of the Third Military

Medical University (Chongqing, China) reviewed and approved

the present study. Written informed consent was obtained from

each participant prior to the study. Between February 2012 and

April 2013, 79 consecutive patients suspected of having lung

cancer were assessed for eligibility if the lesions in size were .

20 mm. The size of the lesions was measured on CT. Sixty

patients (41 males, 19 females) histopathologically confirmed with

lung cancer were included (Figure S1). The primary tumour

diameters were 2.4 , 13.7 cm, mean (4.960.9) cm.

MR Imaging and DWI Metrics Measurement
All MR imaging was performed on a 3.0 Tesla scanner (Trio

Tim, Siemens, Erlangen, Germany) in combination with an 8

channel phase array coil. DWI was obtained during free breathing

[14]. DWI sequences were performed with 5000/72 (repetition

time msec/echo time msec), a section thickness of 4 mm, an

intersection gap of 0.8 mm, and a field of view of 4006400 mm.

Three signals were acquired per image with diffusion-sensitising

gradients in three orthogonal planes and b values of 50, and 1000

sec/mm2 during free breathing. To minimise the influence of

respiratory movement on data quality, two approaches were taken:

(1) respiratory training, and (2) guided free breathing (instructions

from the imaging radiographer). Fat was suppressed by placing a

frequency-selective radiofrequency pulse before the pulse se-

quence. All of the ADCs (ADCmean, ADCmin) were measured

by two chest radiologists with 8 and 11 years of experience. In

outlining the ROI for measurement of the DWI metrics, we

attempted to draw on the solid part of the tumours by imaging of

the CT-guided biopsy (Siemens Plus 4), see Figure 1–3.

Tumour Cellularity Analysis
Histopathologic specimens were coated with standard marking

ink (Hematoxylin-Eosin Staining Kit, Beyotime, Jiangsu, China)

and fixed in 10% buffered formaldehyde for 24 hours. The

histopathology results were the standard of reference for the

analysis of cellularity. All histopathologic specimens were reviewed

by a histopathologist with 20 years of experience in histopathol-

ogy.

Tumour cellularity was calculated from 5 arbitrarily selected

high-power fields in each specimen using a computer program

(ImageJ; National Institutes of Health, Bethesda, MD) and the

following algorithm: first, digitised high-power (640 objective)

fields were taken from the original microscopic images with a

5126512 display matrix and 8-bit grey scale, which were obtained

using a digital microscope camera (Olympus DP12; Olympus,

Tokyo, Japan). Binary image data were then derived from the

sample images using a threshold value estimated from histogram

analysis of the sample images. Finally, the software calculated the

cellularity based on the number of separate dots produced by the

binary procedure. The automated counting system performed to

within 5% tolerance in all specimens. The automated settings were

identical for all specimens and cell counts. The results for the 5

high-power-field cell counts were used to derive the median cell

count for the specimen. This method of measuring cellularity is

similar to the methods used by other investigators who compared

diffusion-weighted imaging features with tumour cellularity [15].

Figure 1. Histopathologic correlation of MR imaging data with biopsy specimens in a 59-year-old woman with adenocarcinoma. A,
CT-guided biopsy; B, T2WI-TIRM; C, ADC map and ROI where ADCs have been measured are illustrated, 1 = ROI; D, corresponding histopathologic
results for the tumour sample (original magnification, HE6400).
doi:10.1371/journal.pone.0099865.g001
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Statistical Analysis
Statistical analyses were performed using statistical software

(SPSS, version 18.0; SPSS Inc, Chicago, IL, USA). The

Kolmogorov-Smirnov test was used to assess the deviation from

normal distribution for all data. Intraclass correlation coefficients

(ICC) were calculated to evaluate the inter-observer variance in

the DWI metrics measurements. To compare the ADCmean

values and ADCmin values among histologic types of adenocar-

cinoma, squamous cell carcinoma and small cell lung cancer,

analysis of variance was used. The post hoc hypothesis testing was

Figure 2. Histopathologic correlation of MR imaging data with biopsy specimens in a 33-year-old man with squamous cell
carcinoma. A, CT-guided biopsy; B, T2WI-TIRM; C, ADC map and ROI where ADCs have been measured are illustrated, 1 = ROI; D, corresponding
histopathologic results for the tumour sample (original magnification, HE6400).
doi:10.1371/journal.pone.0099865.g002

Figure 3. Histopathologic correlation of MR imaging data with biopsy specimens in a 48-year-old woman with small cell lung
cancer. A, CT-guided biopsy; B, T2WI-TIRM; C, ADC map and ROI where ADCs have been measured are illustrated, 1 = ROI; D, corresponding
histopathologic results for the tumour sample (original magnification, HE6400).
doi:10.1371/journal.pone.0099865.g003
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performed according to the Fisher protected least significant

difference method. In addition, Pearson correlation coefficients

were calculated to evaluate the correlation between ADCmean

values/ADCmin values and the tumour cellularity of lung

carcinomas. A P value of less than 0.05 was considered to indicate

a statistically significant difference.

Results

ADC Values in Lung Cancer
All DWI images clearly showed that there were no significant

susceptibility artefacts and that they were suitable for further

evaluation. All ADCmean, ADCmin and tumour cellularity values

were successfully obtained (Table 1, Figure 1–3). The ICCs

between the two radiologists for the measurement of ADCmean,

ADCmin and tumour cellularity values were 0.93, 0.92, and 0.88,

respectively. The final values were the mean of the two

measurements. The ADCmean value of the primary tumours

was (1.0060.15) 6 1023 mm2/s in total, (0.8960.13) 6
1023 mm2/s in small cell lung cancer, (1.0760.12) 6
1023 mm2/s in adenocarcinoma, and (0.8860.10) 6
1023 mm2/s in squamous cell carcinoma. Each set of data was

in line with or approximated a normal distribution (all P.0.1).

The analysis of variance showed significant differences among

three groups (P,0.05). The ADCmin value of the primary

tumours was (0.8060.15) 6 1023 mm2/s in total, (0.6760.13) 6
1023 mm2/s in small cell lung cancer, (0.8660.13)61023 mm2/s

in adenocarcinoma, and (0.7360.13)61023 mm2/s in squamous

cell carcinoma. Each set of data was in line with or approximated

Table 1. ADCs and Cellularity among Histologic Types of Lung Cancer (Data is expressed as mean 6 standard deviation).

Histologic Type n ADCmean (1023 mm2/s) ADCmin (1023 mm2/s) Cellularity (%)

Small cell lung cancer 9 0.8960.13 0.6760.13 18.363.5

Adenocarcinoma 37 1.0760.12 0.8660.14 14.962.6

Squamous cell carcinoma 14 0.8860.10 0.7360.12 20.664.4

All 60 1.0060.15 0.8060.15 16.764.0

doi:10.1371/journal.pone.0099865.t001

Figure 4. Graph shows the correlation between ADCmean and tumour cellularity of lung cancer. AC, adenocarcinoma; SqCC, squamous
cell carcinoma; SLCC, small cell lung cancer.
doi:10.1371/journal.pone.0099865.g004
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a normal distribution (all P.0.1). The analysis of variance showed

significant differences among three groups (P,0.05).

Tumour Cellularity in Lung Cancer
The NCR of the primary tumours was (16.764.0) % in total,

(18.363.5) % in small cell lung cancer, (14.962.6) % in

adenocarcinoma, and (20.664.4) % in squamous cell carcinoma.

Each set of data was in line with or approximated a normal

distribution (all P.0.1). The analysis of variance showed

significant differences among three groups (P,0.05). Among

these, the NCRs of squamous cell carcinoma ((20.664.4) %) and

small cell lung cancer ((14.962.6) %) were higher than that of

adenocarcinoma ((14.962.6) %), and the difference was statisti-

cally significant (P,0.01 and P=0.002, respectively). The NCR of

squamous cell carcinoma cells was greater than that of small cell

lung cancer cells, but the difference was not statistically significant

(P = 0.198).

The Correlation between ADC Value and Cellularity in
Lung Cancer
Correlation analysis showed that the ADCmean value and lung

tumour cellularity was significantly negatively correlated (r =2

0.60, P,0.001), see Figure 4; Meanwhile, ADCmin values and

lung tumour cellularity were significantly negatively correlated

(r =20.47, P,0.001), see Figure 5.

Discussion

We have performed correlation analyses for both ADCmean

and ADCmin with tumour cellularity and have shown that both

ADCmean and ADCmin had a negative relationship with tumour

cellularity in lung cancer. Matoba et al [16] performed correlation

analysis between ADCmean and tumour cellularity in 9 cases of

lung cancer and found the similar results as we did. This result

implies that DWI might have great potential application in the

diagnosis and treatment of lung cancer. Beyond distinguishing

lung cancer from benign tumours and central lung cancer from its

associated atelectasis, as well as lymph node staging of lung cancer,

DWI might be used to evaluate therapeutic efficacy after early

treatment. Morphological methods, such as the WHO standards

and RECIST criteria, are the most frequently used methods to

evaluate tumour therapy in the clinic. Compared to these

methods, ADC values appear to change significantly much earlier

than morphological changes occur [17,18]. DWI is also useful for

CT-guided percutaneous lung biopsy, which is the most common

minimally invasive means to access histopathologic specimens.

Due to the heterogeneity of lung tissue distribution, the positive

biopsy rate is approximately 80% [19] to 94.8% [20], and the

accuracy needs to be improved. The auxiliary DWI images and

ADC map help to avoid non-neoplastic tumours and select ROIs

with relatively higher density for puncture, which may improve the

accuracy of lung biopsies.

Our results experimentally verifies the negative relationship

between ADC and cellularity in a more quantitative manner and

may be of value for more accurately modeling the diffusion

process. Higher nuclear/cytoplasm ratio will reduce extracellular

space which may lead to lower apparent diffusion coefficient [2].

In the other hand, higher cellularity will lead to more cell

membranes that the molecules of water (or particles of any kind)

would have to diffuse through. This addition of barriers may also

Figure 5. Graph shows the correlation between ADCmin and tumour cellularity of lung cancer. AC, adenocarcinoma; SqCC, squamous
cell carcinoma; SLCC, small cell lung cancer.
doi:10.1371/journal.pone.0099865.g005
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lead to lower apparent diffusion coefficient. However, the

regression model of ADC, which we have established, cannot

explain the observed data perfectly (r =20.60). In addition to cell

density, the nuclear/cytoplasm ratio, and large nuclei, the

diffusion of water molecules is also affected by many other

characteristic features of tumours, including perfusion, the amount

of intracellular macromolecular proteins, cell proliferation, and

extracellular space relative to normal tissue [2], which may be one

of the reasons why the model did not fit the data exactly.

Both ADCmin and ADCmean values have been reported to

correlate inversely with glial and nonglial tumour cellularity as a

result of the restricted diffusion of water [15,21–23]. In the

subgroup analysis of Chen et al [7], the ADCmean values were

reported to correlate more inversely than the ADCmin values, and

there were no significant differences between subgroups of

ADCmean and ADCmin (r =20.70 and 20.60). There were also

no significant differences between these values (20.60 and 20.47)

in our study, which means that the measurement of the ADC

value and tumour cellularity is consistent and stable.

Our results show that the tumour cellularity of different

histological types of lung cancer is not the same. The results from

the studies of Matoba et al [16] and Razek et al [24] also show that

the cellularity of adenocarcinoma was significantly lower than that

of squamous cell carcinoma in non-small cell lung cancer.

Therefore, we speculate that the ADC values might provide some

value to distinguish these two different histological types of lung

cancer. However, further large, prospective studies are warranted

to validate these findings.

The indicators to evaluate tumour cellularity included cell

density, nuclear-cytoplasmic ratio and nuclear cell ratio. Cell

density was calculated by dividing the total area of tumour cell

nuclei by the area of the histology section. The nuclear-

cytoplasmic ratio was calculated by dividing the percentage of

the nuclear area by the percentage of the cytoplasmic area. The

nuclear cell ratio was calculated by dividing the percentage of the

nuclear area by the percentage of the cell area. Compared to cell

density, the nuclear-cytoplasmic ratio and the nuclear cell ratio

can not only reflect cell density but can also reflect the nuclear/

cytoplasm ratio and large nuclei, as all of these factors affect the

ADC values [2].

There are some limitations to this study. First, the study only

included adenocarcinoma, squamous cell carcinoma and small cell

lung cancer, and other rare histological types of lung cancer, such

as large cell lung cancer, could not be included. Second, the total

cell density was considered for comparison, so tumour cells were

not separated from non-tumour cells. Physiologically, however,

non-tumour cells also affect the water diffusivity within the tissue,

and most previous reports did not distinguish tumour cells. Third,

this study only focussed on the correlation of tumour cellularity

and ADC value in the biopsy site, which cannot represent the

whole tumour.

In conclusion, our study showed that the ADCmean value and

the ADCmin value were significantly negatively correlated with

tumour cellularity in patients with lung cancer. However, tumour

cellularity most likely is not the sole determinant of the ADC.

Supporting Information

Figure S1 Flowchart illustrating the selection of studies.

(TIF)

Author Contributions

Conceived and designed the experiments: JW XY. Performed the

experiments: LC JZ YC WW. Analyzed the data: LC JZ. Contributed

reagents/materials/analysis tools: XZ XY. Wrote the paper: LC JZ JW.

References

1. Jemal A, Bray F, Center MM, Ferlay J, Ward E, et al. (2011) Global cancer

statistics. CA Cancer J Clin 61: 69–90.

2. Henzler T, Schmid-Bindert G, Schoenberg SO, Fink C (2010) Diffusion and

perfusion MRI of the lung and mediastinum. Eur J Radiol 76: 329–336.

3. Matsumoto Y, Kuroda M, Matsuya R, Kato H, Shibuya K, et al. (2009) In vitro

experimental study of the relationship between the apparent diffusion coefficient

and changes in cellularity and cell morphology. Oncol Rep 22: 641–648.

4. Lyng H, Haraldseth O, Rofstad EK (2000) Measurement of cell density and

necrotic fraction in human melanoma xenografts by diffusion weighted magnetic

resonance imaging. Magn Reson Med 43: 828–836.

5. Fan G, Zang P, Jing F, Wu Z, Guo Q (2005) Usefulness of diffusion/perfusion-

weighted MRI in rat gliomas: correlation with histopathology. Acad Radiol 12:

640–651.

6. Poptani H, Puumalainen AM, Grohn OH, Loimas S, Kainulainen R, et al.

(1998) Monitoring thymidine kinase and ganciclovir-induced changes in rat

malignant glioma in vivo by nuclear magnetic resonance imaging. Cancer Gene

Ther 5: 101–109.

7. Chen L, Liu M, Bao J, Xia Y, Zhang J, et al. (2013) The Correlation between

Apparent Diffusion Coefficient and Tumor Cellularity in Patients: A Meta-

Analysis. PLoS One 8: e79008.

8. Razek AA (2012) Diffusion magnetic resonance imaging of chest tumors. Cancer

Imaging 12: 452–463.

9. Yabuuchi H, Hatakenaka M, Takayama K, Matsuo Y, Sunami S, et al. (2011)

Non-small cell lung cancer: detection of early response to chemotherapy by

using contrast-enhanced dynamic and diffusion-weighted MR imaging.

Radiology 261: 598–604.

10. Kosucu P, Tekinbas C, Erol M, Sari A, Kavgaci H, et al. (2009) Mediastinal

lymph nodes: assessment with diffusion-weighted MR imaging. J Magn Reson

Imaging 30: 292–297.

11. Baysal T, Mutlu DY, Yologlu S (2009) Diffusion-weighted magnetic resonance

imaging in differentiation of postobstructive consolidation from central lung

carcinoma. Magn Reson Imaging 27: 1447–1454.

12. Li Z, Zhang T, Xu B, Wei Q, Han R, et al. (2010) Usefulness of DWI in the

evaluation of pulmonary isolated lesions. Chinese-German Journal of Clinical

Oncology 9: 388–390.

13. Chen L, Zhang J, Bao J, Zhang L, Hu X, et al. (2013) Meta-analysis of diffusion-

weighted MRI in the differential diagnosis of lung lesions. J Magn Reson

Imaging 37: 1351–1358.

14. Koyama H, Ohno Y, Aoyama N, Onishi Y, Matsumoto K, et al. (2010)

Comparison of STIR turbo SE imaging and diffusion-weighted imaging of the

lung: Capability for detection and subtype classification of pulmonary

adenocarcinomas. European Radiology 20: 790–800.

15. Guo AC, Cummings TJ, Dash RC, Provenzale JM (2002) Lymphomas and

high-grade astrocytomas: comparison of water diffusibility and histologic

characteristics. Radiology 224: 177–183.

16. Matoba M, Tonami H, Kondou T, Yokota H, Higashi K, et al. (2007) Lung

carcinoma: diffusion-weighted mr imaging–preliminary evaluation with appar-

ent diffusion coefficient. Radiology 243: 570–577.

17. Park SH, Moon WK, Cho N, Chang JM, Im SA, et al. (2012) Comparison of

diffusion-weighted MR imaging and FDG PET/CT to predict pathological

complete response to neoadjuvant chemotherapy in patients with breast cancer.

Eur Radiol 22: 18–25.

18. Shin HJ, Baek HM, Ahn JH, Baek S, Kim H, et al. (2012) Prediction of

pathologic response to neoadjuvant chemotherapy in patients with breast cancer

using diffusion-weighted imaging and MRS. NMR Biomed 25: 1349–1359.

19. Priola AM, Priola SM, Cataldi A, Di Franco M, Paze F, et al. (2010) Diagnostic

accuracy and complication rate of CT-guided fine needle aspiration biopsy of

lung lesions: a study based on the experience of the cytopathologist. Acta Radiol

51: 527–533.

20. Yuan DM, Lu YL, Yao YW, Liu HB, Wang Q, et al. (2011) Diagnostic

efficiency and complication rate of CT-guided lung biopsy: a single center

experience of the procedures conducted over a 10-year period. Chin Med J (Engl)

124: 3227–3231.

21. Sadeghi N, Camby I, Goldman S, Gabius HJ, Baleriaux D, et al. (2003) Effect of

hydrophilic components of the extracellular matrix on quantifiable diffusion-

weighted imaging of human gliomas: preliminary results of correlating apparent

diffusion coefficient values and hyaluronan expression level. AJR

Am J Roentgenol 181: 235–241.

22. Doskaliyev A, Yamasaki F, Ohtaki M, Kajiwara Y, Takeshima Y, et al. (2012)

Lymphomas and glioblastomas: differences in the apparent diffusion coefficient

evaluated with high b-value diffusion-weighted magnetic resonance imaging at

3T. Eur J Radiol 81: 339–344.

ADC and Tumour Cellularity in Lung Cancer

PLOS ONE | www.plosone.org 6 June 2014 | Volume 9 | Issue 6 | e99865



23. Kikuchi T, Kumabe T, Higano S, Watanabe M, Tominaga T (2009) Minimum

apparent diffusion coefficient for the differential diagnosis of ganglioglioma.
Neurol Res 31: 1102–1107.

24. Razek AAKA, Fathy A, Gawad TA (2011) Correlation of apparent diffusion

coefficient value with prognostic parameters of lung cancer. Journal of
Computer Assisted Tomography 35: 248–252.

ADC and Tumour Cellularity in Lung Cancer

PLOS ONE | www.plosone.org 7 June 2014 | Volume 9 | Issue 6 | e99865


