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[ Abstract ] Background and purpose: Conventional X-ray imaging based on absorption has limitations in identifying soft-tissue
tumors in the liver. Dark-field and phase-contrast imaging, utilizing X-ray scattering and refraction, can provide additional
information on tissue microstructure. This study, based on a laboratory X-ray grating-based integrated imaging system, preliminarily
explored the image features and contrast differences among absorption, dark-field, and phase-contrast imaging modes in ex vivo
mouse models of colon cancer liver metastases, aiming to assess the feasibility and potential application value of this technique.
Methods: Three male BALB/c mice were injected via the spleen with CT26 colon cancer cells to establish liver metastasis models.
The excised liver specimens were fixed in formalin and then scanned using the laboratory X-ray grating-based integrated imaging
system to obtain digital radiography (DR) and computed tomography (CT) images. Four radiologists (two junior and two senior)
independently evaluated the overall image quality, tumor edge sharpness, and artifacts of the three CT modes using a Likert scale,
and the contrast-to-noise ratio (CNR) was calculated. Given that this was a preliminary exploratory experiment with a limited
effective sample size, no intergroup hypothesis testing was performed; results are presented as descriptive statistics showing
numerical trends. Results: Sample 1 could not undergo CT reconstruction because of deformation during imaging, and only DR
images were obtained; Samples 2 and 3 both yielded DR and CT images. On absorption DR/CT images, liver metastases showed iso-
or slightly high density relative to normal liver parenchyma, with unclear boundaries. On dark-field DR/CT images, liver metastases
showed low signal, while normal liver parenchyma showed high signal, with clear contrast between them. On phase-contrast DR
images, normal liver parenchyma showed high-low mixed signal, and liver metastases showed relatively uniform signal; On phase-
contrast CT images, liver metastases were poorly visualized. The overall image quality score (3.63+0.52) and tumor margin clarity
score (3.7540.46) of dark-field CT showed a numerical trend higher than those of absorption CT (1.2540.71; 1.63+0.52) and phase-
contrast CT (0.38+0.74; 0.38+0.52), while the artifact score (1.13+0.35) showed a numerical trend lower than those of absorption CT
(2.63+0.74) and phase-contrast CT (3.38+0.74). Inter-observer agreement was moderate to good (between the two junior
radiologists, k=0.709, 95% CI: 0.512-0.950; between the two senior radiologists, «=0.750, 95% CI: 0.613-0.887; between
radiologists of different seniority, k=0.527, 95% CI: 0.400 - 0.655). The CNR of dark-field CT in Sample 2 (0.5128) was higher than
that of absorption CT (0.2904) and phase-contrast CT (0.3241); the CNR of dark-field CT in Sample 3 (0.5260) was also higher than
that of absorption CT (0.1980) and phase-contrast CT (0.0259). Conclusion: This study successfully achieved dark-field CT imaging
in ex vivo models of colon cancer liver metastases, demonstrating for the first time that it can clearly distinguish liver metastasis
from normal parenchyma. Although limited by sample size, dark-field images consistently showed numerical advantages in overall
image quality, tumor edge sharpness, and artifact control, suggesting its potential to overcome the soft-tissue resolution limitations of
conventional absorption imaging. This provides key experimental evidence for parameter optimization and effect size estimation in
future in vivo imaging studies.

[Key words] Dark-field imaging; Phase-contrast imaging; Computed tomography; Digital radiography; Liver metastases;
Feasibility study
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Fig. 1 The main experimental setup

B )5 A ASTRA T HLAf 52 3L 1) Feldkamp-Davis-
Kress (FDK) S #AH N AYCT 2728, STt
WA, 7E A RS /N - L R
JFEE D HIR S 2
1.5 B

A G 0 8 PP RN E f2 43 A7 238 3 Fiji
(ImageJ 2.14.0/1.54f) FIMATLAB (R2025b) 5%
o EVEVEAL 4 2 ARBHE I ST S8 i (2 44
220 3 AR ARAR 9 BRI AN 2 44 2 B A o 10 41
ARSI ) o PEAR AT TG — 35, PR
PE PR AE R B — 2 T A EURFEITASG 1T 22 B 3
145 B 55 i XChRiR, HERITAEAE B A S
B REAE AT PRI BLSAE
1.6 EEEDHH

BV IS U 43 0 X WU CT L s 3 CT AR 4
CT 7RG BT i . g 140 % 375 Wi B2 B B —
A H TSI o bR S IR AR
5% 1 Likert S R AU PPARAESE , JRa5 AT h
W WG AR AL 3 Fh SRR A i e, B
RnF

BIREG TR 0=T02Wiih i 15r=2;
25r=—Mt; 30=tf; 45r=thfE

NI W R . 0 r=TCiER A5 143=i
AU, TCHBRfRILA 2 =ih Gl HERHE
B 3 =il% X o RAf, [UFAER kMG ; 4
3= AR T X A

5. 04r=TCMhie; 1 = thie, A
WS WITAl ;. 2 r=rhaEthse, XTIZWiTAl i A 52
Wi 35r=""Eih%, X2 B, 4
sr=AE W MmN, SEOCEHR AR T2 W
A
1.7 EEHH

UL AL CT. Wi CT
FA%S CT HXT FEEE -1 75 [t (contrast-to-noise ratio,
CNR):
|1 = o |

CNR =
ol + o}

Hp, W flo il R RE—2E ) cflls, po o,
XIS IS il s FEABGEH, E—ZJSREE —
2553 AR e R I IS T

K Image] R F7E CT B L 20 g e E
W HF L A SR 4 BRI (region of interest, ROI),
I T 4% RO . EFXF R IF LR, e H:
B AR |- /2) i ROI, H ROI M F5¢ 4 T i
JE B, LA 53 25 BN X5 5 (A 52 el
FERENFREARAS |, 20 T8 4 A B ASAH I8 0 15 75 T
St ROL, Y& T3] i 5 CT Y) v Jo ik 58 4 4t
7, T Jek B UH 28 S g B0 S o X
B, ANTHEBCHROL, A, ROIAIEREN S &
i FF O 52 B B A R A AT IX . R H
MATLAB 3444 [F]— JHEFR A 9 A Jibgg ROT i
ARG I, [FEPEIZPRAS N 44> 1F # 52 BT ROL
A I, RARAITHHE CNR,
1.8 [FIEYHE

YA A A s . YR, TR -t
4] (Haematoxylin and Eosin, HE) #eff, #RJ5
L EIRERE NI GG
1.9 Fit=4rE

K HIIBM SPSS 20.0 #4150t 53 . it
FAR T D ds RN o LB (] — et ok FHEZ PR
ok ZBGEATER . « H<0.20, 0.21~0.40, 0.41~
0.60. 0.61~0.80 £ >0.80 43 5| F& /m — Bt 2% |
— . AR RO, BT T 2 AR
PRI Z[B) | 2 44 i A 58 BRI 22 (8] DA AN [RAF ¢
=i 22 [8] ) w AEL

WTAME THISEARAITHIRR, A%
CTEAMARHR (n=2), HIE—FAmZK
W Je 22 24 BRI DY 53 ANl /2 Ge T2 ph sr PR
AW AR AT A BB S CRITEPE) . Ar
H EME BTy B CNR &5 5 2 DU v e i 5
M, AUHTHRAEEEES, NHTSI2# W,

2 45 3

P 2~ 4 0y 3 A/ NI ) LS. AR
VFIREAS 2 ] W22 K R I8 VERT R A AL, REAR 3 {UAL



890 g Hl, & ETREEXSUREENERASN) SEETERBEEnR TR

D EREE R NS I 3 BIREAS IS SR AE T DR I
CTH; H i FREAR 1 78 G FE vh & A A5 T
ToiEHEf T CTE &, {UAR15 DR MG, A4 2 fil
FEAS 3 U [A] 3545 T DR & CT FI4 .
2.1 . EE3HANE% DR

TEWZ I DR BRI, I A% B R, X
HRAE T AL T 110 fifreg R S50 I et el A2 1T
ATREULES, HA MR E LR, L S R 2
6] fR) P IR A RE s (1 2A) o 7ERS3% DR K%
L, EEFALEEGS, WERRES, WE
ZIE S22 5B, S5 e 1 A T 1 il ]
W (E2B), XFR—FrA, W% DR AT IR AY
fih g B 22 T DR A&} DR, EAH % DR £
g1, IEWHASN 2 E- IR S, Mg
FICHAX IS ES (K 2C), #0 M 51E

WS A S AT s, (I R RO AN K g
Y DR, FEAR 1M RARPRA K 1 2050 2= U) A
(& 2D~2F) #E—E53F T H DR i s B AFIN £
2.2 R, EEHANESA CT

TEM I CT UG b, i 2 w2 Tl 55 1
IEH RS, MR REAEW (K3A, E4A).
ERE Y CT EME &, Mg 2ARME S, 1EH IFsL )i
BEfEY, “HETESWHE (K3B, K4B).
AR CT BME b, M B s AW (Bl 3C, H
4C), S CT A% CTHIEL, W57 CT % L
AT A B T 2, A/ N AR R CT
RS CT L ARBETE M WR o AEAR 2 FIREAR 3 R
RbRAR K H SV # 2= Y] i (B 3D~3F., & 4D~
4F) ZrRIBE T H CT Ar s B9 IT R0 .

1 mm

100 um

B2 #A1HDREG KERARARHEREY

Fig. 2 DR images, gross specimen photograph and HE-stained section of sample 1

A: Tumors are iso-intense on absorption DR. Only the tumors located under the hepatic envelope can be seen from the altered contour of the liver;
the remaining tumors are not visible. Yellow arrow indicates the tumor. B: Normal liver tissue has high signal on dark-field DR, whereas tumors have
low signal, and the difference in signal strength between them is obvious. Yellow arrows indicate tumors. C: Normal liver tissue has mixed high and
low signals on phase-contrast DR, whereas tumors have relatively homogeneous signals. Yellow arrow indicates the tumor. D: The gross specimen
photograph is shown in a view corresponding to A-C. Multiple tumors can be observed on the surface of the liver. E: HE-stained section showing
multiple tumors located not only on the surface of the liver but also deep in the liver. F: Magnified image of E showing hepatic sinusoids within

normal liver tissue and tightly packed cancer cells within the tumors.
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Fig.3 CT images, gross specimen photograph and HE-stained section of sample 2
A: The density of the tumors is slightly greater than or equal to that of normal liver tissue, and the borders of the tumors are poorly visible on
absorption CT. B: The tumors show low signal, the normal liver parenchyma shows high signal, and the signal difference between them is obvious on
dark-field CT. Yellow arrows indicate tumors. C: Tumors are invisible on phase-contrast CT. D: The gross specimen photograph shows multiple
tumors located on the surface of the liver. E: An HE-stained section shows multiple tumors located not only on the surface of the liver but also deep
in the liver. F: Magnified image of E showing hepatic sinusoids within normal liver tissue and tightly packed cancer cells within the tumors.
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Fig. 4 CT images, gross specimen photograph and HE-stained section of sample 3

A: The tumors are slightly denser than or equal to normal liver tissue. Yellow arrows indicate tumors. B: The tumors have low signal, the normal liver
parenchyma has high signal, and the signal difference between them is obvious on dark-field CT. Yellow arrows indicate tumors. C: The tumors are
invisible on phase-contrast CT. D: The gross specimen photograph shows no obvious liver metastasis. E: The HE-stained section shows several
tumors. F: Magnified image of E showing the hepatic lobular structure and hepatic sinusoids within normal liver tissue and the tightly packed cancer
cells within the tumors.
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Fig. 5 ROI on representative slices of samples 2 and 3

For each sample, yellow or green markers were drawn on absorption, dark-field and phase-contrast CT slices at the same place to mark the ROL. The
green ROI indicate the normal hepatic parenchyma, whereas the yellow ROI indicate the tumors.
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Tab.1 Qualitative evaluation of absorption CT, dark-field CT

and phase-contrast CT

(x£s)
Parameter Absorption  Dark-field Phase-
CT CT contrast CT
Overall image quality 1.25+0.71 3.63+0.52 0.38+0.74
Tumor edge sharpness 1.63+0.52 3.75+0.46  0.38+0.52
Artifacts 2.63+0.74 1.13+£0.35 3.38+0.74
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Tab.2 CNR values of absorption CT, dark-field CT and phase-

contrast CT for samples 2 and 3

CNR
Sample
Absorption Dark-field Phase-contrast
Sample 2 0.290 4 0.5128 0.324 1
Sample 3 0.198 0 0.526 0 0.0259
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Fig. 6 Schematic illustration of liver microstructure

The unrestrained proliferation of neoplastic cells induces architectural compression within tumor masses, concurrently contributing to structural

damage to the histologically ordered hepatic lobules and sinusoids.
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