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Abstract
Aim: Diffusion-weighted magnetic resonance imaging (DWI-MRI) is used to predict 
tumor malignancy. Here we explored the role of apparent diffusion coefficient (ADC) 
values in the treatment of patients with resectable colorectal liver metastasis (CRLM).
Methods: Magnetic resonance imaging (MRI) scans were conducted using a Signa HDe 
or Signa Explorer 1.5-T scanner (GE Healthcare). ADC maps were calculated using 
DWI with b values of 0, 20, and 800 s/mm2. We enrolled 60 patients who underwent 
upfront hepatic resection for CRLM and divided them into ADC-high (n = 30) and 
ADC-low (n = 30) groups. Clinicopathological variables of the groups were compared. 
Immunohistochemical analysis of HIF-1α expression in tumor tissues was performed, 
and the relationship between the ADC value and HIF-1α expression was evaluated.
Results: The disease-free survival rate of the ADC-low group was significantly lower than 
that of the ADC-high group (P < .05). Univariate analysis revealed that tumor number (more 
than five), synchronous metastasis, and low ADC were prognostic factors. Multivariate 
analysis identified low ADC as an independent prognostic factor. Furthermore, the ADC-
low group more frequently expressed high levels of HIF-1α than the ADC-high group.
Conclusion: Low ADC values were an independent prognostic factor of resectable 
CRLM and correlated with HIF-1α expression.
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1  | INTRODUC TION

Colorectal liver metastasis (CRLM) is the most frequent type of me-
tastasis, occurring in 15%-25% of patients with colorectal cancer at 
first diagnosis,1,2 and in as much as 50% of patients during the first 

3 years after resection of the primary cancer.3–5 The only potential 
curative treatment for CRLM is surgical resection,6 which is recom-
mended as upfront surgery for technically easy CRLM, according 
to the European Society for Medical Oncology (ESMO) consensus 
guidelines.7,8
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Diffusion-weighted magnetic resonance imaging (DWI-MRI), 
which can be added to routine MRI without requiring a contrast 
agent, may provide information regarding tissue and tumor micro-
structures.9–11 The apparent diffusion coefficient (ADC) derived from 
DWI can be used to quantitate the diffusivity of water. ADC values 
are influenced by factors such as fibrosis, cellularity, cell membrane 
integrity, extracellular fibrosis, and glandular formations. ADC val-
ues have clinical utility for characterizing tumor tissues,12–19 staging 
tumors,16–18 and predicting treatment outcomes.20–22 For example, 
low ADC values are an independent prognostic factor for survival 
of patients with pancreatic cancer,23 and the ADC values of those 
with breast cancer negatively correlate with tumor stromal density.24 
CRLM exhibits characteristically high stromal density.

Stromal desmoplasia leads to decreased blood supply, poor drug 
delivery, and hypoxia.25,26 Although hypoxia presents a particularly 
hostile environment for cell growth, cancer cells adapt and survive 
by increasing the expression of genes responsible for anaerobic me-
tabolism, cell survival, metastasis, and angiogenesis.27 The cellular 
response to hypoxia is mediated through a rapid increase in the level 
of the transcription factor hypoxia inducible factor-1α (HIF-1α).28 For 
example, increased HIF-1α activity mediates the induction of desmo-
plasia of pancreatic cancer, which is amplified by cycles of decreased 
blood flow, increased hypoxia, and tumor malignancy.28 Therefore, 
we investigated the utility of ADC values in association with HIF-1α 
expression levels for predicting the prognosis of patients with CRLM.

2  | METHODS

2.1 | Patients

We enrolled 60 patients with CRLM who underwent radical resec-
tion at Tokushima University Hospital between April 2005 and June 
2017. These patients underwent upfront liver radical resection as in-
itial treatment of CRLM, and radical resections were confirmed with 
pathological examinations. Diagnosis and classification of the tu-
mors were determined according to the International Union Against 
Cancer (UICC 8th edition) staging system. Other eligibility criteria 
included no neoadjuvant chemotherapy, available MRI examinations 
including DWI obtained within 4 weeks before resection, and a he-
patic mass >1 cm (as indicated by anatomical MRI) to allow accurate 

ADC measurements. One patient was excluded by the hepatic mass 
<1 cm. Follow-up ranged from 1.14-9.72 years (median, 3.39 years). 
Our hospital's ethics committee approved this retrospective study, 
and written informed consent for the use of their resected tissues 
was obtained from all patients (approval no. 3341). The study con-
formed to the provisions of the Declaration of Helsinki (as revised in 
Fortaleza, Brazil, October 2013), available at: http://www.wma.net/
en/30pub licat ions/10pol icies/ b3/.

2.2 | Magnetic resonance imaging protocol

Magnetic resonance imaging scans were conducted using a Signa 
HDe or Signa Explorer 1.5-T scanner (GE Healthcare) with an eight-
channel phased-array coil. Fast spin-echo T2-weighted images (T2W) 
and DWI (b = 0, 20, 800 s/mm2) were obtained. The mean ADC values 
(×10−3 mm2/s) of tumors were measured in regions of interest (ROI) 
with manual tracing from ADC maps using Synapse Vincent software 
(FujiFilm Medical), which automatically calculates the mean, mini-
mum, and maximum values that are displayed as a free-form green 
line (Figure 1). The mean ADC value chosen was consistent with the 
literature. ROIs included most of the areas of the homogeneous solid 
portions of tumors while avoiding the most peripheral portions to 
exclude partial-volume effects of adjacent uninvolved tissues.29 In 
multiple metastasis cases, we measured its greatest diameter in the 
axial plane on non-contrast T1W images. When the tumor had a ne-
crotic component, conventional T2W, DWI, and contrast-enhanced 
T1W images were used, avoiding cystic or necrotic parts.30 We used 
the median ADC value (1.27 × 10−3 mm2/s) as the cut-off to divide 
patients into ADC-high (n = 30) and ADC-low (n = 30) groups.

2.3 | Patient follow-up

We followed subjects as outpatients according to a standard proto-
col.31 Briefly, follow-up was performed every 2 months during the 
first year after surgery and at least every 3-4 months thereafter. 
Carcinoembryonic antigen (CEA) was evaluated at each assess-
ment. Abdominal dynamic computed tomography (CT) was per-
formed every 6 months. Recurrence was diagnosed according to 
its characteristic appearance on CT, MRI, or both.32,33 Intrahepatic 

F I G U R E  1   Analysis of the apparent 
diffuse constant (ADC). ADC values were 
obtained by manually drawing a region 
of interest (ROI) within the largest area 
of the tumor on each ADC map. DWI, 
diffusion-weighted MRI

No. Pixel Mean Min. Max.

5321 1.15 0.78 1.49

DWI ADC
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recurrence of CRLM was diagnosed when certain criteria were met, 
as follows: the lesion was enhanced during the arterial phase; the le-
sion was enhanced, hypoattenuated, or hypointense compared with 
the surrounding liver during the venous or delayed phases, or both. 
Additional imaging findings regarded as suggestive but not diagnos-
tic of intrahepatic recurrence of CRLM were as follows: lesion exhib-
iting arterial ring enhancement or delayed enhancement compared 
with the surrounding liver during the venous or delayed phases, or 
both; peripheral rim enhancement during the delayed phase; de-
creased signal intensity during the liver-specific hepatobiliary phase; 
and moderately increased signal intensity on T2-weighted MRI. An 
elevated level of CEA was considered when determining recurrence.

2.4 | Immunohistochemical analysis of HIF-
1α expression

Archived formalin-fixed paraffin-embedded tissue blocks were cut 
into 4-μm-thick sections. The samples were deparaffinized and dehy-
drated using a graded series of ethanol concentrations. Endogenous 
peroxidase activity was inhibited using 0.3% hydrogen peroxidase 
and methanol for 20 minutes. After rinsing in phosphate-buffered 
saline (PBS), the tissue sections were processed in 0.01 mol/L cit-
rate buffer (pH 6.0) in a heat-resistant plastic container. The sec-
tions were then irradiated in a consumer-grade microwave oven for 
20 minutes, and the slides were allowed to cool at room tempera-
ture. The sections were incubated overnight at 4°C with a mouse 
monoclonal antibody against HIF-1α (diluted 1:500) (H1alpha 67, 
NB100-105; Novus Biologicals). After rinsing overnight, the sec-
tions were incubated with Dako REAL EnVision Detection System, 
Peroxidase/DAB+, Rabbit/Mouse for 45 minutes, followed by 
three washes in PBS, after which immune complexes were visual-
ized using 3,3′-diaminobenzidine tetrahydrochloride for 5 minutes. 
Nuclei were counterstained using Mayer's hematoxylin solution.

Cells counts were performed using a microscope equipped with 
a Nikon DXM 1200F camera at a magnification of ×200 (× 20 ob-
jectives and × 10 eyepieces). The regions counted in each section 
were randomly selected from a representative field of the tumor. 
Eight regions were assessed for each section, and the counts are 
expressed as the mean percentage of positive tumor cells in high-
power fields.34 Immunostaining was evaluated by a pathologist who 
was uninformed of patients’ clinical characteristics. HIF-1α expres-
sion was evaluated according to scoring intensity (0, negative; 1, 
low; 2, medium; 3, high) as well as the extent of staining ( 0, 0%; 1, 
1%–25%; 2, 26%–50%; 3, ≥51%). The score was defined as intensity 
(0-3) plus area (0-3), low 0-3, and high ≥4.

2.5 | Statistical analysis

Statistical analyses were performed using JMP 10.0.2 software (SAS 
Campus Drive). All results are expressed as the mean ± standard 
error. The Mann-Whitney test was used to compare continuous 

variables, and the chi-square test was used for categorical data. 
Survival rates were calculated using the Kaplan-Meier product-limit 
method. Differences in survival between groups were compared 
using the log rank test. Prognostic factors were evaluated using uni-
variate and multivariate analyses (Cox proportional hazards regres-
sion model). Continuous variables were generally classified into two 
groups according to the median value of each variable, and P < .05 
indicates a significant difference.

3  | RESULTS

3.1 | Patients' clinicopathological characteristics

All patients with resectable CRLM underwent primary radical hepa-
tectomy, and data other than the histopathological findings were ac-
quired immediately before surgery. Histopathological diagnosis was 
determined after surgery. Table 1 shows that the clinicopathological 

TA B L E  1   Associations between clinicopathological factors and 
ADC values

Factors
ADC high 
(n = 30)

ADC low 
(n = 30)

P 
value

Age (y) (≤65/ >65) 10/20 10/20 1.00

Sex (male/ female) 22/8 17/13 .17

Primary site

Location (colon/ rectum) 17/13 19/11 .60

Differentiation (Tub1/ 
Others)

10/20 3/27 .08

Lymphatic invasion (±) 16/14 13/17 .36

Vessel invasion (±) 5/25 6/24 .32

Metastatic site

Metastatic period (synchro/ 
metachro)

12/18 18/12 .12

Tumor number (≤4/ >5) 26/4 24/6 .49

Maximum diameter (≤5 cm/ 
>5 cm)

27/3 26/4 .69

CEA (≤5 ng/mL/ >5 ng/mL) 10/20 12/18 .47

CA19-9 (≤37 U/mL/ >37 U/
mL)

21/9 21/9 1.00

Adjuvant chemotherapy (±) 13/17 12/18 .79

UFT/ LV 4 (30.7) 5 (41.7)

mFOLFOX6 1 (7.7) 2 (16.7)

IRIS 0 (0) 1 (8.3)

XELOX 3 (23.1) 2 (16.7)

XELODA 2 (15.4) 1 (8.3)

SOX 0 (0) 1 (8.3)

S-1 3 (23.1) 0 (0)

Abbreviations: CA19-9, carbohydrate antigen 19-9; CEA, 
carcinoembryonic antigen; metastasis metachro, metachronous 
metastasis; synchro, synchronous; Tub1: well-differentiated tubular 
adenocarcinoma.
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variables of patients in the ADC-low and the ADC-high groups were 
not significantly different. Specifically, the groups did not significantly 
differ in sex, age, and tumor factors such as tumor size, location, differ-
entiation, lymphatic invasion, vessel invasion, metastatic period, tumor 
number, maximum diameter, and tumor markers. The rates of adjuvant 
chemotherapy were not significantly different between two groups.

3.2 | Apparent diffusion coefficient values and 
overall and disease-free survival rates

There was no significant difference in overall survival between 
the ADC-high and ADC-low groups (5-year survival rates: ADC-
high group, 68.7%; ADC-low group, 50.0%; P = .71). However, the 
ADC-low group experienced significantly shorter disease-free sur-
vival than the ADC-high group (5-year disease-free survival rates: 
ADC-high group, 52.8%; ADC-low group, 26.3%; P = .02; Figure 2).
Univariable analysis of risk factors for tumor recurrence revealed 
that multiple tumors (more than five), synchronous metastasis, and 
low ADC values were significant risk factors for tumor recurrence. 
Multivariate analysis identified low ADC (hazard ratio, 2.01; 95% 
CI, 1.01-4.16) as an independent predictive factor for recurrence 
(Table 2).

3.3 | Correlation between ADC values and HIF-
1α expression

We investigated the correlation between the ADC value and HIF-1α 
expression in tumor tissue. Representative stainings of HIF-1α of 
tumor tissue are shown in Figure 3A. HIF-1α staining scores was sig-
nificantly higher in the ADC-low group than in the ADC-high group 
(P = .03; Figure 3B). A representative case is shown in Figure 4, in 
which HIF-1α expression was significantly increased in the low ADC 
ROI.

4  | DISCUSSION

Here we evaluated the associations among preoperative ADC val-
ues, prognosis after surgery, and clinicopathological parameters of 
CRLM. We found significant associations between ADC and HIF-1α 
expression as well as between the recurrence-free survival rate 
after surgery. Moreover, we found significant negative correlations 
between ADC and HIF-1α expression. Our results suggest that ADC 
values are closely associated with tumor proliferation and hypoxia 
and therefore may serve as an imaging biomarker for CRLM.

Most tumor markers used for clinical management, diagnosis, 
grading, progression, aggressiveness, and prognosis are measured 
using immunohistochemistry, which requires invasive tissue sam-
pling.35 Noninvasive methods to assess tumor characteristics are 
therefore required. The noninvasive DWI-MRI method evaluated 
here provides information on the microscopic structure of tissue 
by measuring the diffusion of water molecules within a tissue.36,37

The ADC derived from DWI is used as an imaging biomarker to 
predict histopathologic grade, therapeutic response, and prognosis 
of certain tumors, including CRLM.38–42 For example, Ki-67 expres-
sion is significantly related to the Gleason score (GS) of prostate can-
cer and can be applied together with GS as a prognostic factor. Ki-67 
expression positively correlates with GS and inversely with ADC. 
Moreover, there is a significant difference between low and high ex-
pression of Ki-67 associated with higher Ki-67 expression and lower 
ADC values.43 Furthermore, there is a negative correlation between 
ADC values and expression of Ki-67 for other cancers.17

In certain solid tumors, hypoxia and correspondingly high levels 
of HIF-1α activity influence tumor invasiveness, metastasis, and re-
sistance to radiotherapy and chemotherapy.27 Similarly, high HIF-1α 
expression is associated with metastasis, resistance to radiother-
apy, chemoresistance, and biochemical recurrence in patients with 
CRLM.44 Unfortunately, noninvasive clinical methods to assess the 
expression of HIF-1α in CRLM are unavailable.

Here we found a negative correlation between HIF-1α expres-
sion and ADC in CRLM. To the best of our knowledge, this is the 
first report of an association between the ADC and HIF-1α ex-
pression in CRLM. Hypoxia may inhibit the growth of tumor cells 
or cause their death through the induction of biochemical changes 
required for cells to adapt to an environment in which the diffu-
sion of water may decrease.45 We conclude, therefore, that under 
hypoxic conditions, high HIF-1α expression is associated with a 
reduction in ADC values.

Angiogenesis, which is required for the growth of a primary 
tumor and the development of metastasis, affects the growth, in-
vasiveness, and metastasis of colorectal cancer cells. Vascular en-
dothelial growth factor (VEGF) is required for angiogenesis. Under 
hypoxic conditions, HIF-1α activates the expression of many down-
stream genes, including VEGF. Moreover, expression of the genes 
encoding HIF-1α and VEGF is upregulated in CRLM.43

Several limitations must be considered when interpreting the 
results of our study. First, the patient population was relatively 
small, further study with a larger population might be necessary 

F I G U R E  2   Kaplan-Meier analysis of disease-free survival rates. 
Blue = ADC-high group (n = 30), red = ADC-low group (n = 30)
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Factors

Univariate analysis Multivariate analysis

5-year DFS (%) P value HR (95%CI) P value

Primary site

Location (colon/ rectum) 40.1 vs 32.3 .84

Differentiation (Tub1/ others) 44.0 vs 33.8 .47

Lymphatic invasion (−/+) 43.7 vs 36.6 .42

Vessel invasion (−/+) 42.9 vs 22.2 .38

Metastatic site

Metastatic period (metachro/
synchro)

45.1 vs 28.8 .03 1.60 (0.81-3.23) .17

Number (≤4/>5) 43.1 vs 27.4 .04 1.68 (0.67-3.69) .24

Maximum diameter 
(≤5 cm/>5 cm)

32.6 vs 52.6 .30

CEA (<5 ng/mL/>5 ng/mL) 51.6 vs 34.6 .35

CA19-9 (<37 U/mL/>37 U/mL) 39.9 vs 37.5 .68

Adjuvant chemotherapy (−/+) 32.7 vs 41.7 .93

ADC (high/ low) 52.8 vs 26.3 .02 2.03 (1.02-4.19) .04

Abbreviations: ADC, apparent diffusion coefficient; CA19-9, carbohydrate antigen 19-9; CEA, 
carcinoembryonic antigen; metachro, metachronous metastasis; synchro, synchronous metastasis; 
Tub1, well-differentiated tubular adenocarcinoma.

TA B L E  2   Predictive factors of disease-
free survival

F I G U R E  3   Correlation between 
ADC values and HIF-1α expression 
in tumor tissues. (A) Representative 
immunohistochemical detection of HIF-
1α. (B) Blue = low HIF-1α expression, 
red = high HIF-1α expression
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to strengthen our result. Second, we did not determine the repro-
ducibility of the ADC values. Third, selection bias was possible be-
cause of the retrospective nature of our study, which analyzed only 
patients with CRLM who underwent MRI. In addition, our result 
showed that there was no significant difference in overall survival 
rate between the ADC-high and ADC-low groups. The reason why 
overall survival rate was not different in CRLM was that the differ-
ence of the treatment rate after recurrence, such as re-hepatectomy, 
variety of chemotherapy, was higher than other cancers, especially 
pancreatic cancer.23 Furthermore, we followed up strictly and de-
tected the recurrence at an early stage for early therapeutic inter-
vension, such as re-hepatectomy.

Our present studies provide compelling evidence to support the 
conclusion that the ADC value reflects tumorigenesis under hypoxic 
conditions through the expression of HIF-1α. The ADC value may 
therefore serve as a surrogate marker of tumor malignancy.

5  | CONCLUSION

Low ADC values serve as an independent prognostic factor and cor-
relate with HIF-1α expression in CRLM. The ADC value can be used 
as a surrogate marker for recurrence of CRLM.
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