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Abstract

Background: To explore the prognostic value of serial dynamic contrast-enhanced (DCE) MRI in patients with
advanced pulmonary adenocarcinoma undergoing first-line therapy with either tyrosine-kinase inhibitors (TKI) or
platinum-based chemotherapy (PBC).

Methods: Patients underwent baseline (day 0, n =98), and post-therapeutic DCE MRI (PBC: day+ 1, n=52); TKl:
day+7,n=46) at 1.5T. Perfusion curves were acquired at 10, 40, and 70 s after contrast application and analysed
semiquantitatively. Treatment response was evaluated at 6 weeks by CT (RECIST 1.1); progression-free survival (PFS)
and overall survival were analysed with respect to clinical and perfusion parameters. Relative uptake was defined as
signal difference between contrast and non-contrast images, divided by the non-contrast signal. Predictors of survival
were selected using Cox regression analysis. Median follow-up was 825 days.

Results: In pre-therapeutic and early post-therapeutic MRI, treatment responders (n=27) showed significantly
higher relative contrast uptake within the tumor at 70 s after application as compared to non-responders (n="71,

p <0.02), response defined as PR by RECIST 1.1 at 6 weeks. There was no significant change of perfusion at early MRI
after treatment. In multivariate regression analysis of selected parameters, the strongest association with PFS were
relative uptake at 40 s in the early post-treatment MRI and pre-treatment clinical data (presence of liver metastases,
ECOG performance status).

Conclusion: Higher contrast uptake within the tumor at pre-treatment and early post-treatment MRI was associ-
ated with treatment response and better prognosis. DCE MRI of pulmonary adenocarcinoma may provide important
prognostic information.

This study is part of the following project: “Ultra-early response capturing
in the treatment of non-squamous NSCLC using diffusion weighted MRI: A
prospective multicenter study” (https://doi.org/10.1093/annonc/mdy292.128)
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Background

Risk stratification and early therapy response assessment
are of key importance for patients with cancer, in order
to guide subsequent management and avoid unneces-
sary toxicity and costs. Median survival of patients with
advanced non-small-cell lung cancer (NSCLC) ranges
from 1.5 to several years depending on mutation status
[1]. The balance between treatment risk and therapeutic
benefit is difficult to define in routine clinical practice.
There are multiple factors to consider: comorbidities,
patient preference, biology, and extent of metastatic
spread. Of special interest in this regard are the so-called
imaging biomarkers, which could predict tumor aggres-
siveness more precisely than routine staging procedures
alone, while also avoiding the procedural risk associated
with repeat biopsies and histopathologic evaluation. [2,
3]

Importantly, treatment response in targeted therapies
may not be reflected appropriately by RECIST because of
a different mechanism of action compared to direct cyto-
toxic agents [4, 5]. Therefore, morphological and func-
tional imaging criteria have been explored for improved
and earlier prediction of treatment response, such as
volume reduction, change of tumor parameters includ-
ing echogenicity, apparent diffusion coefficient, tissue
perfusion, PET tracer accumulation, markers of ischemia
[4, 6-13]. However, only few of these have been imple-
mented in clinical decision-making algorithms thus
far. For example, FDG uptake quantification is used for
response evaluation in lymphoma [14], quantitative
ultrasound parameters were found suitable for response
assessment in breast cancer [15], and rectal cancer treat-
ment response is evaluated by diffusion weighted imag-
ing [16]. However, heterogeneity of tumor biology, small
study cohorts and lack of standardization hampers vali-
dation of these criteria. Alongside PET/CT and perfusion
CT, multiparametric MRI has shown promising initial
results in characterization of pulmonary tumors [17] and
assessment of treatment response [8, 18—21].

Contrast uptake is a widely accepted biomarker for tis-
sue vitality and influenced by both tissue damage and
vascular changes induced by the treatment [22, 23]. It
is thought to correlate with tissue metabolism [4, 20].
Reduction in tumor perfusion has been shown in breast
cancer under bevacizumab [24]. Similar effects have been
described for different tumor entities under tyrosine-
kinase inhibitors (TKI), like glioblastomas and colorectal

cancer. Notably, these effects have been shown as early as
two days after treatment initiation [24].

The present study investigates the prognostic infor-
mation of serial dynamic contrast-enhanced magnetic
resonance imaging (DCE MRI) in two histologically rela-
tively homogeneous groups of patients with advanced
pulmonary adenocarcinoma. Baseline and very early
post-treatment contrast uptake curves under either plat-
inum-based chemotherapy (PBC) or TKI were analyzed
in conjunction with the subsequent clinical course.

Materials and methods

This study was approved by the ethics committee of the
medical faculty of Heidelberg (S-445/2015), and all par-
ticipants provided written informed consent.

Patients

Between November 2016 and July 2019, 150 patients with
advanced pulmonary adenocarcinoma and a measure-
able lesion of at least 2 cm in size under first line therapy
were included in this prospective study (Fig. 1). Treat-
ment was performed according to guidelines after con-
sultation of the interdisciplinary tumor board. Patients
undergoing radiation therapy of the primary tumor
or local lymph nodes within the first 3 months were
excluded. All included patients underwent pre-treatment
and post-treatment MRI scans of high quality with few
motion/pulsation artifacts, subjectively sufficient con-
trast enhancement and complete coverage of the primary
tumor.

Clinical documentation

Baseline patient and tumor characteristics were collected
systematically from the medical records: body-mass-
index (BMI), pulmonary function parameters, Eastern
Cooperative Oncology Group (ECOG), smoking state
including pack years and tumor biology (histology, muta-
tion status, programmed death-ligand 1 (PD-L1) tumor
proportion score; blood levels of the tumor markers car-
cinoembryonic antigen (CEA), Cytokeratin-fragment
(Cyfra) 21.1, neuron-specific enolase (NSE), tumor stage
(TNM 8th edition)).

All patients underwent routine CT and clinical work-
up at maximum 4 weeks before and every 6 weeks after
treatment initiation. RECIST 1.1 based response assess-
ment was used as the gold standard [25]. Progression-
free survival (PFS) was calculated as days between first
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150 patients with consent:

pulmonary adenocarcinoma

MRI prior treatment start and follow-up
TKI or PBC

reliable

carcinosis)

52 (35%) patients excluded
18 (12%) incomplete (imaging) data
16 (11%) atelectasis, tumor delineation not

7 (5%) tumor too small for measurement
6 (4%) no defined tumor (pleural

3 (2%) cavitated tumor
2 (1%) severe motion artifacts

98 patients included, 46 TKI, 52 PBC:

CT: baseline max. 1 month before, and
follow-up max. 3 months after treatment
start

MRI: baseline and early follow-up

TKIl and PBC:
pre-treatment
MRI at day of
treatment start
(n=98)

Fig.1 Flowchart of study patients

median (Cl) [stability interval]
OS: 690 (473-841) [564-726]
PFS: 316 (233-361) [305-317]
FU: 825 (725-937)

CT 6 weekly after treatment start
Analysis of PFS and OS

PBC: TKI:
post-treatment post-treatment MRI
MRI at 1% day at 7"day (n=46)
(n=52)

MRI and follow-up CT with first progression or clinical
progression in medical records. The imaging independ-
ent overall survival (OS) was calculated as days between
first MRI and date of death.

MR examination

According to our study design (Fig. 1), all MRI examina-
tions of the lung were performed on the same 1.5T scan-
ner (Magnetom Aera, Siemens, Erlangen, Germany). First
MRI was performed at the day of treatment initiation
(TKI orally daily or PBC intravenously every 3 weeks).
Second MRI was performed one day after treatment start
(PBC) or 1 week after treatment start (TKI).

Axial 3D volumetric interpolated breath-hold gradi-
ent echo T1 weighed fat saturated (frequency selec-
tive) dynamic contrast-enhanced sequences (T1 vibe)
were acquired with the following parameters: 24 slices
of matrix 320 x 180 pixels, slice thickness 4 mm, pixel
bandwidth 540 Hz, repetition time 3.6 s, echo time 1.65s,
flip angle 5°. This resulted in an acquisition time of 10
s for 24 slices and 30 s for 80 slices. After non-contrast
series, contrast media was injected via a cubital vein
with a flow of 1.5 ml/s followed by a 30 ml chaser bolus
(1 mmol/kg body weight gadobutrol; Bayer, Leverkusen,
Germany). Dynamic imaging sequences were triggered
by bolus tracking sequence in the pulmonary trunk in
coronal plane. In one single 30 s long breath hold, three

repeated small image stacks covering the primary tumor
with 24 images were obtained 10 s, 20 and 40 s after con-
trast administration (Fig. 2). At 70 s, 130 and 250 s delay
whole thorax imaging (80 images each) was performed,
each during separate 30 s breath holds. Note that time
between contrast administration is simplified as a uni-
form 10 s interval. Time steps are 0 s (non-contrast),
10s,20s,40 s, 70 s, 130 and 250 s. Breath holding was
instructed automatically between the sequences [26].
Overall MR acquisition time was around 15 min.

CT examination

CT scans (max. 3 mm slices, no motion artifacts, at max-
imum 1 month before treatment start) were obtained as
part of routine clinical care. Most scans were obtained
with a Somatom Definition AS64 scanner (Siemens,
Erlangen, Germany) with application of iodinated con-
trast media.

Image analysis

To compensate for respiration-related misplacement for
each time step of DCE-MR], a free-hand region of inter-
est (ROI) was placed around the whole tumor at the level
of widest tumor diameter, sparing airways and vessels.
Care was taken in each examination pre- and post-treat-
ment that the ROI was placed in an equivalent anatomi-
cal position. ROI area was recorded for each MRI As
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Fig. 2 MRI protocol: note, that at time point 10's, 20 s, and 40 s only a small image stack was obtained covering the tumor, whereas all other time

L

reference, ROIs were placed in pectoral muscle, normal-
ized enhancement curves exemplary shown in Figs. 3, 4
and 5. MR analysis for pre-treatment and post-treatment
measurement and documentation took around 30 min.
ROI placement was performed in our routine image

viewer (Synapse®© PACS, Fujifilm, Minato, Japan) results
were documented in Microsoft Excel® 2019 (Redmond,
Washington, USA). Internal reproducibility was con-
firmed by a single observer. In 16 patients repeated meas-
urements were carried in a time interval of 6 months.
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Fig. 3 DCE MRI of a 69 year-old female non-responder, smoker (15 pack years), adenocarcinoma right upper lobe (blue arrow), T3NTM1(Oss),
received TKI, progression-free survival 117 days (progression by new lymph node metastases), overall survival 143 days. Pre-therapeutic strong
uptake followed by post-therapeutic reduced uptake accompanied by early progression and short survival. Note: MR2 at day 11 due to scheduling
delay, MR3 given additionally. Left: representative time points of DCE MRI pre-therapeutic (day 0) and post-therapeutic. Right: semiquantitative
contrast enhancement curves (above absolute Sl of tumor, middle relative contrast enhancement, below contrast normalized tumor to muscle SI).
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Fig. 4 DCE MRI of a 81 year-old female responder, never smoker, adeno carcinoma left upper lobe (blue arrow), T4ANTM1(Hep, Oss), received TKI,

progression-free survival 234 days (progression with new liver metastases), overall survival 1182 days. This relatively long PFS/OS goes along with
minimal increase of contrast enhancement. This is in line with calculated negative association of relative uptake after 40 s in post-therapeutic MRI
and PFS.
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Fig. 5 72 Year-old male responder, smoker (50 pack years), adeno carcinoma left upper lobe (blue arrow), T3N2M1(Adr, Oss), received PBC, lost in
follow-up after 79 days without progression. At day 7 central necrosis in the tumor is seen. Initially, the tumor shows moderate contrast uptake.
This is reduced early after therapy and necrosis is visible at 70 s post contrast injection and later. Note the huge costal metastasis, which changed
minimally during the course of therapy (red arrow)
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Interclass correlation coefficient was between 0.96 and The following semiquantitative parameters were calcu-
0.99 for signal ratios at 0 s, 40 s, 70 s, relative uptake at  lated from perfusion curves: relative contrast uptake at
40 s and at 70 s, and for the slope values (explained in the 40 and 70 s, maximal uptake, wash-in contrast kinetic (0
next section). to 40 s, 0 to 70 s). Relative tumor uptake (Rel. UT) was
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calculated according to the following formula: Rel. UT =
(SI; — SI)/SIy, where SI, is tumor signal intensity at time t
and SI, is tumor signal intensity before contrast adminis-
tration. As surrogate for total contrast enhancement, the
area under the curve (AUC) was calculated as the sum of
the mean signal for each time interval multiplied by that
time interval over the range of 0-250 s. Image process-
ing and documentation of clinical data and imaging were
done by expert thoracic radiologists (at least 8 years of
experience) and thoracic oncologists (at least 15 years of
experience).

Statistics

Baseline variables are descriptively compared for both
groups (responders, non-responders). Depending on the
variable, mean + standard deviation or absolute and rela-
tive frequencies are given. Associated p-values are cal-
culated by Student’s t-test, Welch’s t-test, or Chi-Square
test, respectively. We report the median follow-up time
calculated by the inverse Kaplan—Meier method with
corresponding 95% confidence intervals and “stabil-
ity interval” as suggested by Schemper and Betensyk,
respectively [27, 28].

In order to assess the potential additional benefit of
imaging parameters, a combination of forward and back-
ward selection procedure (the FAMoS Algorithm) based
on the AIC (Akaike information criterion) was used for
model selection [29]. To construct a robust multivariate
model for our study group of 98 patients, we performed
the model selection in three steps: First, we performed
a variable selection on a data set containing complete
observations on all relevant clinical variables (therapy
group, age, gender, abnormal body mass index, clinical
status, smoking status, Cyfra 21.1, EGFR status, tumor
stage and presence of liver metastases). The variables
selected in this step were included in the starting model.
In the second step pre-therapeutic MRI variables could
be included (forward selected), but clinical parameters
could be excluded (backward selection), based on a data
set containing all information on the relevant variables.
In the third step, again the selected variables from the
step before were included in the starting model. Post-
therapeutic MRI variables were included if relevant and
previously selected variables could be excluded based
on the AIC criterion and a data set which contained all
information on the relevant variables. The model was
applied to OS and PES respectively, and the group vari-
able (TKI, PBC) was always included in the model. The
resulting Cox regression models are presented by means
of the hazard ratios (HR) and associated 95% confidence
intervals and descriptive p-values of the selected vari-
ables, as well as the AIC, number of observations and
events in the model.

Page 6 of 12

A p-value of <0.05 was considered as statistically sig-
nificant. Missing values were not imputed, resulting in
complete case analysis with respect to the specific anal-
ysis. Analysis was done using R Version 4.0.2 (30) and
SPSS Version 27, IBM, Armonk, USA. In order to facili-
tate better understanding of the calculated hazard ratios,
slope values were multiplied by 10 to report a clinically
relevant scale.

Results

98 patients with sufficient imaging and clinical data
were finally included into the study, 46 patients TKI
group (15 male) and 52 patients with PBC (27 male). At
6 weeks, 27 (4 PBC, 23 TKI) showed partial treatment
response. Responders and non-responders had generally
similar baseline characteristics, with one notable excep-
tion: more never smokers responded (Table 1). All six
patients without metastases (stage III disease) showed no
response after 6 weeks of treatment.

In pre-treatment MRI, lung tumors of responders pre-
sented a significantly higher contrast uptake 70 s after
contrast administration compared to non-responders
(Table 2). Consequently, the slope of contrast curve was
also higher. In the early post-treatment MRI, differences
of contrast uptake were more pronounced: other addi-
tional parameters, such as relative contrast uptake 40
s after administration, slope at 40 s, maximum contrast
uptake, and AUC were significantly higher in respond-
ers. Except for AAUC, pre-treatment to post-treatment
differences of these parameters were not significant,
indicating no measurable treatment effect on the pre-
sent contrast curves. Notably, in responders, there was
a significant reduction of ROI area between pre- and
post-treatment MRI after 5.2+£4.8 (range 1 to 18) days.
Patients that received TKI presented tumors with higher
perfusion values compared to patients witch received
PBC.

Figures 3, 4 and 5 illustrate three representative cases.
The tumor of a TKI non-responder showed a 75% uptake
at 70 s after contrast administration that dropped step-
wise under treatment (Fig. 3). In contrast to this, a TKI
responder showed an initial relatively low uptake of
40% at 70 s, discretely increasing to 60% (Fig. 4), while a
responder to PBC treatment with central tumor necrosis
presented a perfusion reduction (Fig. 5). Figure 6 demon-
strates higher mortality (A, C) and shorter progression-
free survival (B, D) of patients with contrast uptake below
median.

Univariate analyses of clinical factors, pre-therapeutic
imaging and post-therapeutic imaging

The relationship between clinical, pre-therapeutic imag-
ing and post-therapeutic imaging parameters with PFS
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Responders* (n=27)

Non-responders* (n=71)

Total population (n=98)

TKI/PBC 23/4" 23/48" 46/52
Post-treatment MRI [days] 8.6+44" 39443 52448
Mean age 64+9 64+9 64+9
Male 10 (37%) 32 (45%) 42 (43%)
ECOG>0 15 (56%) 28 (39%) 43 (44%)
Pathologic BMI* 4(15%) 19 (27%) 23 (24%)
Never Smoker 10 (37%)* 10 (14%)* 20 (20%)
Pack Years 15418" 334237 28423
Vital capacity [I] 28+1.1 30£10 3010
Baseline CEA [ng/ml] 294 +£1259 97 £241 1494675
Baseline Cyfra 21.1 [ng/ml] 9.1+£113 9.1+105 9.1+£10.7
Baseline NSE [ng/ml] 35424 27+£27 29427
Tumor

Stage lll 0 (0%) 6 (8%) 6 (6%)
Stage IV 27 (100%) 65 (92%) 92 (94%)
T-stage

T1 2 (7%) 7 (10%) 9 (9%)
T2 5(19%) 18 (25%) 23 (24%)
T3 5(19%) 18 (25%) 23 (24%)
T4 14 (52%) 28 (39%) 42 (43%)
N-stage

N1and N2 16 (59%) 42 (59%) 58 (59%)
N3 11 (41%) 29 (41%) 40 (41%)
M-stage

MO 0 (0%)* 6 (8%)> 6 (6%)

1 site 4 (15%) 23 (32%) 27 (28%)
2 sites 11 (41%) 21 (30%) 32 (33%)
> 3 sites 12 (44%) 21 (30%) 33 (34%)
Metastases

Liver 5 (19%) 16 (23%) 21 (21%)
Brain 9 (33%) 24 (34%) 33 (34%)
Bone 17 (63%) 31 (44%) 48 (49%)
Lung 13 (48%) 22 (31%) 35 (36%)

Categorial variables in absolute values (relative value) tested by Chi Square test, continuous variables in means =+ SD tested by Welch'’s t-test

*Defined as RECIST 1.1 PR in first follow-up CT
* Defined as RECIST 1.1 SD or PD in first follow-up CT
4 BMI <20 or >30; *P =0.005; "P <0.001

and OS were analyzed using univariate Cox regression
(Additional file 1: Table A.1). There was a significant
association with several clinical parameters as well as
pre-treatment and post-treatment imaging parameters.

Model selection and multivariate analyses

Using forward and backward selection procedures, four
clinical parameters with optimally combined PFS or OS
prediction were selected (Additional file 1: Table A. 2
for OS and Additional file 1: Table A. 3 for PES, first

row). In the second step, best model fit was achieved
using slope 0-70 s for OS. For PFS, pre-therapeutic
MRI did not lead to a better model fit (Additional file 1:
Table A. 2 for OS and Additional file 1: Table A. 3 for
PFS, second row). In the third step, the post-therapeu-
tic relative uptake value at 40 s lead to a better model fit
for PFS (Additional file 1: Table A. 3). In contrast, for
OS, results of the post-therapeutic MRI did not result
in significant improvement of the model (Additional
file 1: Table A. 2).
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Table 2 Comparison responder (RECIST 1.1 PR at 6 week CT) and non-responder (SD or PD at 6 week CT)

Responders* (n=27) Non-responders™ (n=71) P-value*
General features
Sum of diameter CT [cm] 7.7+46 84439 044
Mean PFS+£SD [days] 401 £211 3174230 0.10
Mean OS £ SD [days] 706 £320 508 £293 0.004
Pre-therapeutic MRI
40 s rel. uptake [%] 337+156 284+179 0.18
Slope 0-40 s [*10] 94+47 79449 0.19
70 s rel. uptake [%)] 490+£179 3594256 0.02
Slope 0-70s [*10] 77+£24 56+36 0.006
Max. uptake [SI] 171£24 162£32 0.22
AUC [S1/250 5] 40294551 3849+731 0.24
Post-therapeutic MRI
40 s rel. uptake [%] 3344120 2534171 0.03
Slope 0-40s [*10] 9.7+37 71146 0.01
70 s rel. uptake [%] 4731224 3244241 0.007
Slope 0-70 s [*10] 77+£32 50+33 <0.001
Max. uptake [SI] 182+£22 162£25 <0.001
AUC [SI/250 5] 4264 4509 3814+£610 0.001
Difference MRI pre-MRI post therapy
Area difference MR1-MR2 [cm?] 3.14£41 06+£25 <0.001
A 40 s rel. uptake [%] 03+133 274158 049
A Slope 0-40s [*10] -04£34 0.7£42 0.24
A 70 s rel. uptake [%] 274221 2.7+21.1 0.99
A Slope 0-70 s [*10] 00+£28 05430 0.52
A Max. uptake [S] -9422 0+20 0.05
A AUC [SI/250 5] -184+£370 291474 0.04

Bold means P-value < 0.05 was considered to be significant
* Means =+ SD tested by students t-test

*Defined as RECIST 1.1 PR in first follow-up CT

* Defined as RECIST 1.1 SD or PD in first follow-up CT

Discussion

Our study uses semiquantitative contrast wash-in kinetic
parameters for description of pre-therapeutic and very
early post-therapeutic DCE MRI in 98 adenocarcino-
mas of the lung. To the best of our knowledge, this is the
first study of purely advanced adenocarcinomas of the
lung that evaluates early MRI perfusion changes under
PBC or TKI therapy. A long follow-up interval allowed
regression analysis not only to mainly imaging depend-
ent parameters as RECIST and PFS but also to overall
survival. Inclusion criteria were broad, and as such quite
representative for a clinical real-life setting.

Main finding of our study is a significantly higher
tumor perfusion of responders compared to non-
responders in pre-therapeutic and early post-therapeutic
MRI, which were clearly associated to PFS and OS and
therefore predicts outcome before treatment start. This
confirms former studies, which have also described

the relationship between stronger baseline perfusion
with better treatment response [8, 19, 31]. For exam-
ple, Fraioli et al. demonstrated a higher baseline blood
flow in 11 responders compared to 34 non-responders
in 45 patients with advanced adenocarcinoma using CT
perfusion [32]. Tissue perfusion may increase therapy
susceptibility as capillarization is mandatory for expo-
sure to therapeutic agents. Possibly, stronger perfused
adenocarcinomas might also represent a less aggressive
tumor biology as these malignancies may contain fewer
microscopic necrotic areas. In our cohort, patients with
positive EGFR status and TKI treatment showed higher
perfusion values and a higher response rate. Although
this is a confounding factor, our multivariate analyses
demonstrate treatment independent association of base-
line perfusion and prognosis.

We could not show clear treatment related changes of
MRI parameters in this early phase of treatment, whereas
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Fig. 6 Kaplan-Meier plots: OS (A, C) and PFS (B, D) dependent on pre-treatment contrast uptake (A, B) and early post-treatment contrast uptake (C,
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the area reduction of the tumor was significantly higher
in responders compared to non-responders. Therefore, in
the setting of PBC or TKI without additional antiangio-
genics, treatment-related changes were clinically inform-
ative only regarding size, but not functional parameters
of the tumor. These results are similar to those of other
studies, which have observed inferior predictive capacity
for perfusion compared to metric changes of the tumor
in several tumors, including lung and breast cancer [4,
33]. In contrast, in studies combining PBC with antian-
giogenic treatment, blood flow as assessed by CT was
reduced after one or more cycles of therapy in respond-
ers [32, 34, 35].

Several quantitative DCE MRI studies of small and
heterogeneous cohorts have documented reduced per-
fusion in treatment responders [6, 8, 19]. This finding
is explained by tumor tissue damage due to reduced
angiogenesis. Contrary to this, treatment-associated

inflammation could increase tissue perfusion in the
early phase of therapy. Differences in timing might
explain conflicting results of studies. As prognos-
tic marker, Tao et al. evaluated deconvolution perfu-
sion MRI before treatment in 36 NSCLC patients, of
which 6 were adenocarcinomas [19]. Response was
evaluated after completion of radiation therapy after 1
month. Responders showed higher baseline k., and
lower baseline k,, and V.. Chang et al. also identified
prognostic impact of baseline perfusion markers in 11
NSCLC patients of whom 10 suffered from adenocar-
cinoma. In contrast to the data of Tao et al, high k,,
correlated with response. Similar to Tao et al.,, low V,
was predictive for response. As predictive param-
eter, k., reduction correlated with tumor diameter
reduction after three cycles of chemotherapy [8]. Simi-
larly, Xu et al. showed as early as 1 week after classic
chemotherapy initiation a significantly reduced k..,
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and V, in 13 treatment responders compared to 9 non-
responders [6]. This study included 11 patients with
adenocarcinomas.

No predictive impact of change of k,,, was shown
by de Langen et al. in 28 patients with non-squamous
NSCLC 3 weeks after starting antiangiogenic therapy.
In histogram analysis, increase of standard deviation
of Kiuns OVer 15% was associated with treatment failure
[4]. Based on these studies, strong baseline tumor perfu-
sion is a positive prognostic marker for NSCLC. Perfu-
sion decrease under treatment seems to correlate with
response, but study results differ in this point, potentially
due to differences in tumor biology, treatment and tim-
ing of imaging. On the whole, OS as an end-point metric
criteria other than RECIST have only be defined in a few
NSCLC studies [4, 31]. Therefore, in most studies superi-
ority of perfusion parameters to RECIST is not assessable
and the benefit of this independent predictive marker
additional to early RECIST assessment remains unclear.

To assess the interaction of different prognostic fac-
tors, multiparametric Cox regression was applied. In
order to reduce the problem of multiple statistical test-
ing, we performed a three-step variable pre-selection for
multivariate analyses. Our multivariate variable selection
model indicates a better OS prediction with parameters
of pre-therapeutic and post-therapeutic MRI and a better
PES prediction with parameters of post-therapeutic MRI,
additional to selected clinical parameters. Therefore, per-
fusion MRI of pulmonary adenocarcinomas may supple-
ment peri-therapeutic risk stratification.

Some important limitations of our study must be
acknowledged:

1. One third of the patients have been excluded, most of
them due to incomplete data, inferior imaging quality
(i.e. low contrast enhancement) or scheduling delay
of examinations. Other patients were excluded due to
limitations in making tumor measurements, namely
tumor atelectasis, diffuse tumor manifestation or
too small tumor size. We believe that this exclusion
process lead to more robust data analysis, but some
exclusion criteria are subjective and confounding
effects cannot be excluded. Reduced sample size was
not suitable for evaluation of treatment subgroups.

2. Our perfusion approach was a simplified method
using breath hold technique without calculation of
tissue permeability parameters addressing the limita-
tions of patients with severe pulmonary diseases. The
present method has low temporal resolution but high
spatial coverage and high contrast resolution than
other methods. Time interval of contrast adminis-
tration to first image series was not documented and
this interval was assumed to be 10 s. Therefore, this
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very early interval is confounded by individual circu-
lation differences of the patients. Review of perfusion
curves confirmed sufficient plot of contrast kinetics.
For semiquantitative parameters, similar significance
levels for perfusion changes in NSCLC were achieved
compared to quantitative calculation [21]. Semiquan-
titative perfusion curve description is easy to per-
form and robust, whilst quantitative calculation may
underlie high variation [21]. Criteria might easily be
translated to different imaging techniques like CT
and to different study centers. Future free-breathing
sequences may provide higher temporal resolution.
This may optimize data quality especially in the pre-
contrast phase and the inflow phase and might help
to calculate reliable tissue specific parameters.

3. Free-hand ROI placement was carried out in one sin-
gle layer and no histogram analyses were performed.
Therefore, tumor changes could be underestimated.
Free-hand ROI placement was necessary to compen-
sate for different respiratory positions of the tumor.
Tested automatic and semi-automatic registration
algorithms were not sufficient to compensate for
these movements. Intraobserver reproducibility was
excellent, whereas interoberserver reproducibility
was not tested in this study.

4. Only primary tumors were measured. This may not
represent the prognostic most relevant tumor loca-
tion. This aspect is less relevant in the first line ther-
apy setting. Primary tumors did not undergo local
therapies and systemic therapy effects should be
evaluable at this site.

5. Progression-free survival and overall survival are
confounded by treatment changes in later course.
However, treatment was not changed until first fol-
low-up CT after 6 weeks. Only a minority of patients
underwent treatment change before fulfilling crite-
ria of RECIST progress due to individual treatment
regimes.

Conclusion

Better tumor perfusion of pulmonary adenocarcinomas
predicts response before and also shortly after treat-
ment start and is independently associated with better
prognosis.

Abbreviations

AIC: Akaike information criterion; AUC: Area under the curve; CEA: Carcinoem-
bryonic antigen; Cl: Confidence interval; CT: Computed tomography; Cyfra:
Cytokeratin-fragment; DCE MRI: Dynamic contrast-enhanced magnetic reso-
nance imaging; ECOG: Eastern Co-operative Oncology Group; EGFR: Epidermal
growth factor receptor; FAMoS: Forward and backward selection procedure;
FU: Follow-up; HR: Hazard ratio; NSCLC: Non-small-cell lung cancer; NSE:



Rheinheimer et al. BMC Medical Imaging (2022) 22:215

Neuron-specific enolase; OS: Overall survival; PBC: Platinum based chemo-

therapy; PET: Positron emission tomography; PFS: Progression-free survival;
RECIST: response evaluation criteria in solid tumors; Rel. UT: Relative uptake;
TKI: Tyrosine-kinase inhibitor.

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/512880-022-00943-x.

[ Additional file 1. Supplementary tables. }

Acknowledgements

Paul Flechsig, Oliver Sedlaczek, Farastuk Bozorgmehr, Elke Lipski, Nadine
Schautberger, Dirk Schmitt, Nadja Batora, Nina Sander, Inn Chung, Andrea
Bopp, Ingrid Heinzmann-Groth, Birgit Teucher for organising the study, per-
forming the MR examinations in a timely manner, recruiting and supervising
the patients, compiling and reviewing the study data and providing statistical
advice. Catherine Sykes for language editing. All patients are thanked for their
voluntary participation in the MR examinations.

Author contributions
SR: Writing, Formal analysis, Data Curation, Conceptualization, Methodology,
Software, Validation, Investigation, Visualization. PC: Writing: Review and Edit-

ing, Formal analysis. SE: Statistical analysis, Writing/Review. JS: Visualization. HG:

Supervision. JV-C: Supervision. JD: Supervision. MT: Supervision. CPH: Supervi-
sion, Writing: Review & Editing. H-UK: Supervision. GH: Supervision, Formal
analysis, Data Curation. All authors read and approved the final manuscript.

Funding

Open Access funding enabled and organized by Projekt DEAL. This research
was funded by the German Center of Lung Research (Deutsches Zentrum fur
Lungenforschung, DZL).

Availability of data and materials

The raw data cannot be made freely available because of privacy restrictions
but the datasets used and/or analyzed during the current study are available
from the corresponding author on reasonable request.

Declarations

Ethics approval and consent to participate

The study was approved by the ethics committee of the medical faculty of
Heidelberg (5-445/2015), the written informed consent of all patients was
waived, and the whole study was performed by the World Medical Associa-
tion guidelines and Declaration of Helsinki, revised in 2000 in Edinburgh. All
patient data were analyzed anonymously.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details

'Diagnostic and Interventional Radiology with Nuclear Medicine, Thoraxklinik
at University of Heidelberg, Rontgenstrasse 1, 69126 Heidelberg, Germany.
’Diagnostic and Interventional Radiology, University Hospital Heidelberg,

Im Neuenheimer Feld 420, 69120 Heidelberg, Germany. *Translational Lung
Research Center Heidelberg (TLRC), University of Heidelberg, Im Neuenhe-
imer Feld 420, 69120 Heidelberg, Germany. “Thoracic Oncology, Thoraxklinik
at University of Heidelberg, Réntgenstrasse 1, 69126 Heidelberg, Germany.
SMedical Biometry, Institute of Medical Biometry, Im Neuenheimer Feld
130.3, 69120 Heidelberg, Germany. ®Department of Respiratory Medicine,
Hannover Medical School, Carl-Neuberg-Str. 1,30625 Hannover, Germany.
’Diagnostic and Interventional Radiology and Biomedical Research in End-
stage and Obstructive Lung Disease Hannover (BREATH), Carl-Neuberg-Str. 1,
30625 Hannover, Germany. éInstitute of Diagnostic and Interventional Radiol-

ogy, Hannover Medical School, Carl-Neuberg-Str. 1, 30625 Hannover, Germany.

Page 11 of 12

°Radiology, Asklepios Hospital Munich, Robert-Koch-Allee 2, 82131 Gauting,
Germany. 1%German Center for Lung Research (DZL), Giessen, Germany.

Received: 23 February 2022 Accepted: 28 November 2022
Published online: 05 December 2022

References

1. Christopoulos P, Budczies J, Kirchner M, Dietz S, Sultmann H, Thomas
M, et al. Defining molecular risk in ALK(+) NSCLC. Oncotarget.
2019;10(33):3093-103.

2. Abbasis, Badheeb A. Prognostic factors in advanced non-small-cell lung
cancer patients: patient characteristics and type of chemotherapy. Lung
Cancer Int. 2011;2011:152125.

3. Hardtstock F, Myers D, Li T, Cizova D, Maywald U, Wilke T, et al. Real-world
treatment and survival of patients with advanced non-small cell lung
cancer: a german retrospective data analysis. BMC Cancer. 2020;30(1):260.

4. delangen AJ, van den Boogaart V, Lubberink M, Backes WH, Marcus JT,
van Tinteren H, et al. Monitoring response to antiangiogenic therapy in
non-small cell lung cancer using imaging markers derived from PET and
dynamic contrast-enhanced MRI. J Nucl Med. 2011;52(1):48-55.

5. de Geus-Oei LF, van der Heijden HF, Corstens FH, Oyen WJ. Predictive and
prognostic value of FDG-PET in nonsmall-cell lung cancer: a systematic
review. Cancer. 2007;110(8):1654-64.

6. XuJ,Meil, Liu L, Wang K, Zhou Z, Zheng J. Early assessment of response
to chemotherapy in lung cancer using dynamic contrast-enhanced MRI:
a proof-of-concept study. Clin Radiol. 2018;73(7):625-31.

7. Ah-See ML, Makris A, Taylor NJ, Harrison M, Richman PI, Burcombe RJ,
et al. Early changes in functional dynamic magnetic resonance imag-
ing predict for pathologic response to neoadjuvant chemotherapy in
primary breast cancer. Clin Cancer Res. 2008;14(20):6580-9.

8. Chang YC, Yu CJ, Chen CM, Hu FC, Hsu HH, Tseng WY, et al. Dynamic
contrast-enhanced MRI in advanced nonsmall-cell lung cancer patients
treated with first-line bevacizumab, gemcitabine, and cisplatin. J Magn
Reson Imaging. 2012;36(2):387-96.

9. Chikui T, Kawano S, Kawazu T, Hatakenaka M, Koga S, Ohga M, et al.
Prediction and monitoring of the response to chemoradiotherapy in
oral squamous cell carcinomas using a pharmacokinetic analysis based
on the dynamic contrast-enhanced MR imaging findings. Eur Radiol.
2011;21(8):1699-708.

10. Ng SH, Liao CT, Lin CY, Chan SC, Lin YC, Yen TC, et al. Dynamic contrast-
enhanced MR, diffusion-weighted MRI'and (18)F-FDG PET/CT for the pre-
diction of survival in oropharyngeal or hypopharyngeal squamous cell
carcinoma treated with chemoradiation. Eur Radiol. 2016;26(11):4162-72.

11. Park JJ, Kim CK, Park SY, Simonetti AW, Kim E, Park BK, et al. Assessment of
early response to concurrent chemoradiotherapy in cervical cancer: value
of diffusion-weighted and dynamic contrast-enhanced MR imaging.
Magn Reson Imaging. 2014;32(8):993-1000.

12. Langer NH, Langer SW, Johannesen HH, Hansen AE, Costa J, Klausen TL,
et al. Very early response evaluation by PET/MR in patients with lung
cancer-timing and feasibility. Diagnostics (Basel). 2019;9(1):35.

13. Trinkaus ME, Blum R, Rischin D, Callahan J, Bressel M, Segard T, et al.
Imaging of hypoxia with 18F-FAZA PET in patients with locally advanced
non-small cell lung cancer treated with definitive chemoradiotherapy. J
Med Imaging Radiat Oncol. 2013;57(4):475-81.

14. Thanarajasingam G, Bennani-Baiti N, Thompson CA. PET-CT in staging,
response evaluation, and surveillance of lymphoma. Curr Treat Options
Oncol. 2016;17(5):24.

15. Sadeghi-Naini A, Sannachi L, Tadayyon H, Tran WT, Slodkowska E, Trudeau
M, et al. Chemotherapy-response monitoring of breast Cancer patients
using quantitative ultrasound-based intra-tumour Heterogeneities. Sci
Rep. 2017;4(1):10352.

16. Lee MA, Cho SH, Seo AN, Kim HJ, Shin KM, Kim SH, et al. Modified
3-point MRI-based tumor regression grade incorporating DWI for locally
advanced rectal Cancer. AJR Am J Roentgenol. 2017,209(6):1247-55.

17. Wang X, Wan Q, Chen H, Li Y, Li X. Classification of pulmonary lesion
based on multiparametric MRI: utility of radiomics and comparison of
machine learning methods. Eur Radiol. 2020;30(8):4595-605.


https://doi.org/10.1186/s12880-022-00943-x
https://doi.org/10.1186/s12880-022-00943-x

Rheinheimer et al. BMC Medical Imaging

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

(2022) 22:215

Yu J, LiW, Zhang Z,Yu T, Li D. Prediction of early response to chemother-
apy in lung cancer by using diffusion-weighted MR imaging. Sci World J.
2014;2014:135841.

Tao X, Wang L, Hui Z, Liu L, Ye F, Song Y, et al. DCE-MRI perfusion and per-
meability parameters as predictors of tumor response to CCRT in patients
with locally advanced NSCLC. Sci Rep. 2016;20:6:35569.

Lee SH, Rimner A, Gelb E, Deasy JO, Hunt MA, Humm JL, et al. Correlation
between tumor metabolism and semiquantitative perfusion magnetic
resonance Imaging Metrics in non-small cell lung cancer. Int J Radiat
Oncol Biol Phys. 2018;102(4):718-26.

Kim JH, Lee JW, Park K, Ahn MJ, Moon JW, Ham SY, et al. Dynamic
contrast-enhanced MRI for response evaluation of non-small cell lung
cancer in therapy with epidermal growth factor receptor tyrosine kinase
inhibitors: a pilot study. Ann Palliat Med. 2021;10(2):1589-98.

deSouza NM, Achten E, Alberich-Bayarri A, Bamberg F, Boellaard R, Clem-
ent O, et al. Validated imaging biomarkers as decision-making tools in
clinical trials and routine practice: current status and recommendations
from the EIBALL* subcommittee of the European Society of Radiology
(ESR). Insights Imaging. 2019;10(1):87.

O'Flynn EA, DeSouza NM. Functional magnetic resonance: biomarkers of
response in breast cancer. Breast Cancer Res. 2011;23(1):204.

O'Connor JP, Jackson A, Parker GJ, Jayson GC. DCE-MRI biomarkers in the
clinical evaluation of antiangiogenic and vascular disrupting agents. Br J
Cancer. 2007;29(2):189-95.

Schwartz LH, Litiere S, de Vries E, Ford R, Gwyther S, Mandrekar S, et al.
RECIST 1.1-Update and clarification: from the RECIST committee. Eur J
Cancer. 2016;62:132-7.

Koenigkam-Santos M, Optazaite E, Sommer G, Safi S, Heussel CP, Kauczor
HU, et al. Contrast-enhanced magnetic resonance imaging of pulmonary
lesions: description of a technique aiming clinical practice. Eur J Radiol.
2015;84(1):185-92.

Betensky RA. Measures of follow-up in time-to-event studies: why pro-
vide them and what should they be? Clin trials. 2015;12(4):403-8.
Schemper M, Smith TL. A note on quantifying follow-up in studies of
failure time. Control Clin Trials. 1996;17(4):343-6.

Gabel M, Hohl T, Imle A, Fackler OT, Graw F. FAMOoS: a flexible and dynamic
algorithm for Model Selection to analyse complex systems dynamics.
PLoS Comput Biol. 2019;15(8):e1007230.

R Core Team. R: a language and environment for statistical computing. R
Foundation for Statistical Computing, Vienna (2020). https:.//www.R-proje
ctorg.

Wang J, Wu N, Cham MD, Song Y. Tumor response in patients with
advanced non-small cell lung cancer: perfusion CT evaluation of chemo-
therapy and radiation therapy. AJR Am J Roentgenol. 2009;193(4):1090-6.
Fraioli F, Anzidei M, Zaccagna F, Mennini ML, Serra G, Gori B, et al. Whole-
tumor perfusion CT in patients with advanced lung adenocarcinoma
treated with conventional and antiangiogenetic chemotherapy: initial
experience. Radiology. 2011;259(2):574-82.

Yu HJ, Chen JH, Mehta RS, Nalcioglu O, Su MY. MRI measurements of
tumor size and pharmacokinetic parameters as early predictors of
response in breast cancer patients undergoing neoadjuvant anthracy-
cline chemotherapy. J Magn Reson Imaging. 2007;26(3):615-23.

Fraioli F, Anzidei M, Serra G, Liberali S, Fiorelli A, Zaccagna F, et al.
Whole-tumour CT-perfusion of unresectable lung cancer for the
monitoring of anti-angiogenetic chemotherapy effects. Br J Radiol.
2013;86(1029):20120174.

Tacelli N, Santangelo T, Scherpereel A, Duhamel A, Deken V, Klotz E, et al.
Perfusion CT allows prediction of therapy response in non-small cell lung
cancer treated with conventional and anti-angiogenic chemotherapy. Eur
Radiol. 2013,;23(8):2127-36.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Page 12 of 12

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions



https://www.R-project.org
https://www.R-project.org

	Dynamic contrast enhanced MRI of pulmonary adenocarcinomas for early risk stratification: higher contrast uptake associated with response and better prognosis
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusion: 

	Background
	Materials and methods
	Patients
	Clinical documentation
	MR examination
	CT examination
	Image analysis
	Statistics

	Results
	Univariate analyses of clinical factors, pre-therapeutic imaging and post-therapeutic imaging
	Model selection and multivariate analyses

	Discussion
	Conclusion
	Acknowledgements
	References


