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Simple Summary: Immune checkpoint inhibitors (ICI) have revolutionized cancer care. However,
assessing the efficacy of these new molecules with targeted therapeutic responses may induce too
much delay when using classical biomarkers derived from morphological imaging (CT). The objective
of our study is to propose fast, cost-effective, convenient, and effective biomarkers using the perfusion
parameters from dynamic contrast-enhanced ultrasound (DCE-US) for the evaluation of ICI early
response. In a population of 63 patients with metastatic cancer eligible for immunotherapy, we
demonstrate that a decrease of more than 45% in the area under the perfusion curve (AUC) between
baseline and day 21 is significantly associated with better overall survival. Thus, AUC from DCE-US
looks to be a promising new biomarker for the early evaluation of response to immunotherapy.

Abstract: Purpose: The objective of our study is to propose fast, cost-effective, convenient, and
effective biomarkers using the perfusion parameters from dynamic contrast-enhanced ultrasound
(DCE-US) for the evaluation of immune checkpoint inhibitors (ICI) early response. Methods: The
retrospective cohort used in this study included 63 patients with metastatic cancer eligible for
immunotherapy. DCE-US was performed at baseline, day 8 (D8), and day 21 (D21) after treatment
onset. A tumor perfusion curve was modeled on these three dates, and change in the seven perfusion
parameters was measured between baseline, D8, and D21. These perfusion parameters were studied
to show the impact of their variation on the overall survival (OS). Results: After the removal of
missing or suboptimal DCE-US, the Baseline-D8, the Baseline-D21, and the D8-D21 groups included
37, 53, and 33 patients, respectively. A decrease of more than 45% in the area under the perfusion
curve (AUC) between baseline and D21 was significantly associated with better OS (p = 0.0114). A
decrease of any amount in the AUC between D8 and D21 was also significantly associated with better
OS (p = 0.0370). Conclusion: AUC from DCE-US looks to be a promising new biomarker for fast,
effective, and convenient immunotherapy response evaluation.

Keywords: DCE-US; perfusion; biomarker; immunotherapy; overall survival

1. Introduction

Immune checkpoint inhibitor (ICI) immunotherapies using monoclonal antibodies an-
tagonizing T-cell co-inhibition receptors have been the major revolution of the last few years
in anti-cancer treatment. By blocking the immune checkpoints used by the tumor cells to
create an immunosuppressive tumor microenvironment, ICIs enhance the antitumor immune
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response [1]. Since the first FDA approval of an ICI (ipilimumab for the treatment of advanced
melanoma both in pre-treated or chemotherapy naïve patients, in March 2011 [2]), many more
therapeutic extensions and molecules have been approved [3]. The effectiveness of ICIs in
metastatic cancer is no longer a question in terms of survival gain or sustainable response
compared to chemotherapy. However, except for melanoma and Hodgkin lymphoma, which
show an excellent response rate (>50%) [4,5], only a subset of patients exhibits a good response
with immunotherapy. We cite the following as examples: for advanced-stage hepatocellular
carcinoma, the response rates for nivolumab and pembrolizumab were respectively 19.7% and
20.7% [6]; in advanced-stage small cell lung cancer, characterized by its aggressiveness and early
diffusion of metastases, the rate of response for pembrolizumab in a phase II trial was 19.3% [7];
for advanced squamous-cell non-small lung cancer, the rate of response for nivolumab in
a phase III study was 20% [8]; for metastatic DNA mismatch repair-deficient/microsatellite
instability-high colorectal cancer, which also has a poor prognosis following conventional
chemotherapy, the rate of response for nivolumab was 31.1% in a phase II trial [9].

This highlights the need to rapidly evaluate the efficacy of immunotherapy to avoid
wasting valuable time and resources since the majority of patients will not respond to these
expensive molecules. Furthermore, the use of these new molecules has been associated with
unconventional response patterns, such as pseudo-progression, which is defined as an objective
response following initial progression with the same treatment. Pseudo-response has been
reported with an incidence rate of up to 10% [10]. To deal with these new patterns of responses,
the usual criteria for evaluating chemotherapy response, the Response Evaluation Criteria in
Solid Tumors 1.1 (RECIST 1.1), was updated with immune RECIST1.1 (iRECIST 1.1) [11,12]. The
differences are small but essential. The progression category includes two new subcategories.
The first is immune Unconfirmed Progressive Disease (iUPD), which is labeled a progression
according to RECIST 1.1. However, with iRESIST 1.1, a progression needs to be confirmed 4
to 8 weeks later by a new increase in lesion size to be included in the second subcategory of
progressive disease, namely, immune Confirmed Progressive Disease (iCPD). This increases
the delay before declaring a patient as a non-responder and, therefore, the delay in changing
the therapeutic line. Hence, morphological images, which form the basis of iRESIST 1.1, are
not useful for predicting early response to ICIs. In summary, ICIs are a great alternative to
minimize the low efficacy of chemotherapy for some advanced cancers with a greater overall
survival rate. Above all, they offer a sustainable response for patients that respond well.
However, the response rate is only 20–30% when considering all cancer types together. Thus,
early response evaluation has become a major requirement to stop ineffective treatments earlier,
which is not possible at present with the assessment from iRECIST 1.1 CT-scans.

To the best of our knowledge, there are currently no studies in the literature that have
looked at dynamic contrast-enhanced ultrasound (DCE-US) for the purpose mentioned
above. DCE-US is a real-time functional imaging modality with high temporal resolution
and sensitivity to contrast agents. It highlights the signal from a microbubble-based contrast
agent within the tumor micro-vascularization, making it possible to follow the tumor vascu-
larization over time using a time-intensity curve (TIC) [13]. It has already been shown to be
effective in the early response assessment to antiangiogenic drugs [14]. This technique brings
to light the inflammation process induced by ICI and observes the tumor destruction by the
immune system. After ICI administration, a lymphoproliferation is observed, resulting in an
influx of immune cells [15], leading to an increase of perfusion followed by a decrease due to
necrosis induced by the destruction of tumor cells and vasculature. Our study aims to deter-
mine whether perfusion parameters extracted from dynamic contrast-enhanced ultrasound
can be used as biomarkers for ICI early response evaluation.

2. Materials and Methods
2.1. Patients

This retrospective study enrolled 63 patients with metastatic melanoma, colorectal
cancer, pulmonary cancer, kidney cancer, liver cancer, cervical uterus cancer, or sarcoma,
eligible for immunotherapy treatment (atezolizumab, nivolumab, or pembrolizumab). All



Cancers 2022, 14, 1337 3 of 13

these patients were included from three phase I or IIB clinical trials to assess the efficacy
of the combination of systemic ICI and local treatment in patients with metastatic tumors.
The inclusion criteria were as follows: (a) patients with metastatic cancer, (b) treatment
with ICIs used alone or in association with other modalities of treatment, (c) patients
older than 18 years of age, (d) target lesion accessible by ultrasound, and (e) tumor size
larger than 10 mm at baseline in B mode. The exclusion criteria for this study were all
the contraindications to the use of the sulfur hexafluoride (Sonovue®): hypersensitivity to
the sulfur hexafluoride, uncontrolled systemic hypertension, severe pulmonary arterial
hypertension, recent acute coronary syndrome, unstable ischemic heart disease, right–left
shunt, respiratory distress syndrome, as well as pregnant women or breast-feeding women.
All patients signed informed consent forms.

2.2. DCE-US Technique and Quantification

The DCE-US examinations were conducted using an Aplio™ 500 ultrasound system
(Canon, Puteaux, France). Depending on the metastatic site, two different probes (3.5 and
8 MHz) were used. The Aplio™ ultrasound system had access to the raw linear data using
Vascular Recognition Imaging (VRI), a perfusion software, and CHI-Q quantification software,
as in a previous study [14]. Standardized procedures were performed: first, a morphological
analysis was undertaken to determine tumors sizes in all three dimensions with electronic
calipers; then, the perfusion study was conducted after an intravenous bolus injection of 4.8 mL
of Sonovue® (Bracco, S.P.A., Milan, Italy), followed by the perfusion of 5 mL of physiological
serum. The perfusion curve was recorded for 3 min immediately after the Sonovue bolus. The
time-intensity curve of the tumor perfusion was then modeled by a DCE-US study leader
using a mathematical model based on the indicator-dilution theory that models the flow of
contrast microbubbles in the vasculature [13] and the software already mentioned.

Seven perfusion parameters were then measured, four of which are related to blood
volume (peak intensity, area under the curve (AUC), AUC during the wash in, AUC during
the wash-out); two to blood flow (time to peak intensity, slope of the wash in); and the last
parameter to the mean transit time. The parameters are represented in Figure 1.
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Figure 1. Time-intensity curve modeled from DCE-US. The measured parameters are related to blood
volume, blood flow, and blood transit time. (Tp: time to peak; AUC: area under the curve; Ip: peak
intensity; MTT: mean transit time).
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2.3. Assessments

The DCE-US examinations were performed at baseline, day 8 (D8), and day 21 (D21)
after the beginning of the treatment. For this study, the chosen target lesion was treated
exclusively with ICIs without any additional local treatment. The tumor perfusion curve
was modeled on these three dates to produce the seven DCE-US perfusion criteria described
previously. The change in perfusion parameters was then measured between baseline-D8
and baseline-D21. In order to study the variation of perfusion due to the administration of
ICI, we focused on the increase of tumor perfusion at D8 and its decrease at D21.

2.4. Analysis

The base of our evaluation was overall survival (OS), defined as the time between
the first DCE-US at baseline and death from any cause. Median and interquartile range
(IQR) were used to report the distribution of the variation of perfusion parameters. The
Kaplan–Meier method was used for univariate analyses and Cox regression for multivariate
analyses. DCE-US variation parameters were then used to separate the population into
two subgroups to show its impact on OS. The log-rank test was used to compare the
survival distribution of the categories obtained from the univariate parameters and compute
the p-value to assess the significance of the comparison. The perfusion parameters in
each survival group were then reported in box plots, and a Mann–Whitney U-test of
independence was performed to show the significance of the difference in parameters. The
thresholds used to evaluate the chosen criteria were computed using maximally selected
rank statistics [16,17].

The statistical analyses were performed using Python version 3.8, with the lifelines
package v0.25.7, pandas v1.1.5, statannotations v0.4.2, and scipy v1.6.3.

3. Results
3.1. Population

Between November 2016 and February 2021, 63 patients were enrolled in this study.
Patient baseline characteristics are listed in Table 1.

Table 1. Demographics and baseline patient characteristics.

Characteristics No. %

Total patients 63 100
Age (Median (IQR)) in years 56 (45–63)

Male 38 60
Female 25 40

Tumor type
Melanoma 22 35
Sarcoma 16 25

Colorectal cancer 10 16
Kidney cancer 11 18

Hepatocellular cancer 4 6
Treatment

Atezolizumab 25 40
Nivolumab 22 35

Pembrolizumab 16 25

Among the 63 patients initially included, 25 patients had no ultrasound at D8 in their
study protocol, 1 patient had a D8 DCE-US with unsatisfactory quality, and 10 had no
ultrasound quantification at D21 (6 suboptimal qualities and 4 ultrasounds not performed).
Thus, there were 37 remaining patients in the D8 group and 53 in the D21 group (Figure 2).
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Figure 2. Study flow chart.

3.2. At D8

The analyses of changes from baseline to D8 revealed no significant association with
OS for any of the perfusion parameters (Table 2). However, the difference in the AUCwash in
at D8 showed the strongest association (p = 0.0592).

Table 2. Significance level (p-value) of the association between changes in perfusion parameters
values between baseline and D8 and overall survival.

∆D8/BASELINE p-Value

∆AUC 0.2529

∆PI 0.4810

∆AUCwash in 0.0593

∆AUCwash out 0.2529

∆Slope 0.2885

∆MTT 0.4732

∆TPI 0.0892

A maximally selected ranking test with a constraint of a minimum of 30% population
in each class determined the best cutoff point for this parameter: an increase in AUCwash in
between baseline and D8 greater than 20% would seem to be associated with better OS
(p = 0.3111) (Figure 3). This threshold of 20% separated the 37 patients into two groups:
the first composed of 12 patients with good overall survival (median OS not reached), the
second consisting of 25 patients with poor overall survival.

The variation of the perfusion criteria from baseline to D8 in these two groups is
represented in a box plot (Figure 4). It shows an increase in all perfusion parameters in the
better overall survival group, with a significant difference in most parameters.
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3.3. At D21

The analyses of changes from baseline to D21 revealed a significant association with
OS for most of the perfusion parameters (Table 3). Change in the AUC at D21 was the most
important criterion, showing the strongest association with OS (p = 0.0028).

Table 3. Significance level (p-value) of the association between changes in perfusion parameters
values between baseline and D21 and overall survival.

∆D21/BASELINE p-Value

∆AUC 0.0028

∆PI 0.0058

∆AUCwash in 0.0294

∆AUCwash out 0.0081

∆Slope 0.0592

∆MTT 0.1387

∆TPI 0.2876

A maximally selected ranking test with a constraint of a minimum of 30% of patients in
each class on the variation of the AUC brought out a cutoff point at 45%: a decrease greater
than 45% in AUC between baseline and D21 was significantly associated with better OS
(p = 0.0114) (Figure 5). This threshold at 45% separated the 53 patients into two groups: the
first was composed of 20 patients with good overall survival (median survival not reached
at the endpoint date), and the second consisted of 33 patients with poor overall survival.
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The variation of the perfusion criteria from baseline to D21 in these two groups is
represented in the box plot (Figure 6). It shows a significant decrease for most perfusion
parameters in the better overall survival group.
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Figure 6. Box plot representing the change in perfusion parameters from baseline to D21 in the group
of a decrease in ∆AUC lesser than 45% (n = 33 patients) vs. in the group of a decrease in ∆AUC
greater than 45% (n = 20 patients).

A Cox regression model was fitted on the dataset to show the effect of age and gender
as covariates on survival. Decrease by 45% of the AUC was the only parameter significantly
correlated to survival (HR = 1.75, p = 0.05). The results of the Cox regression are summarized
in Figure 7.
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3.4. Change in AUC between D8 and D21

For the most significant parameter, its variations amongst all three-time points were
studied for the eligible patients: 33 patients had a DCE-US at D8 and D21. In the group
with better survival at D21 (corresponding to the group of patients with a decrease of more
than 45% in AUC compared to baseline), analyses of the changes in AUC between D8 and
D21 revealed in all patients (without exception) a decrease in AUC between these two
dates. Conversely, in the group with poorer survival, all patients showed an increase in
AUC between D8 and D21 (except for two patients) (Figure 8). Thus, the decrease in AUC
between D8 and D21 is significantly associated with better overall survival (p = 0.0370)
(Figure 9).
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4. Discussion

With the advent of immunotherapy, revolutionizing therapeutic cancer management,
ICIs are being studied in numerous cancers. With the significant increase in the use of ICIs,
atypical new response patterns have emerged, such as pseudo-progression. It is defined as
an increase in the size of lesions or the appearance of new lesions, followed by a potentially
long-lasting positive response. Therefore, it is necessary to develop new methods to assess
the efficacy of ICIs. In clinical routine, iRECIST 1.1 is accepted as the new reference in ICI
scan evaluation. The guidelines for response criteria of iRECIST 1.1 are well described in an
article published in The Lancet Oncology in 2018 [11]. However, these criteria are based on
morphological analysis, and they increase the delay by 1 month compared to RECIST 1.1
before being able to associate patients with a progressive disease, which might be critical.
Thus, there is an important need to find a tool for the early assessment of ICI response.
With this view, we investigated whether DCE-US, with the study of perfusion parameters,
could be useful for the early assessment of the therapeutic response.

Our study confirmed that the early evaluation of AUC at D21 may be used to predict
survival after treatment with ICIs. Indeed, the decrease of AUC by more than 45% at
D21 is associated with better overall survival (p = 0.01). To our knowledge, this is the
first study evaluating DCE-US in patients with metastatic cancer treated with ICIs. Our
results are consistent with a large multicenter cohort study published in 2014, which
confirmed that DCE-US could be used to predict early progression and overall survival
after antiangiogenic therapy in metastatic cancers [14]. In this study, AUC was also found
to be the best performing criterion for this evaluation, with a decrease in AUC at 1 month
of more than 40% associated with better overall survival (p = 0.05). Although the cutoffs
are not identical, our study was highly motivated by that result since the studied criterion
(decrease of AUC) as a relevant marker for overall survival is the same. Moreover, in a
study assessing the reproducibility of DCE-US perfusion parameters, AUC was found to
be the most robust criterion [18].

Furthermore, our results at D8 (although not significant) and D21 show a trend. It
appears that in patients with prolonged overall survival, perfusion increases at D8 and
decreases strongly at D21. This result seems to be consistent with the changes in the
tissue level induced by the introduction of ICIs. Immune checkpoint blocking is shown to
activate and lead to the proliferation of T-cells and NK-cells [15,19]. A pro-inflammatory
environment is created. One of the aspects of this environment is the initiation of neo-
angiogenesis that allows an influx of immune cells (in particular CD8+ LTs) to eliminate
the tumor cells, leading to the destruction of tumor vasculature along with tumor cells.
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This results in necrosis, which explains the decrease of perfusion in case of response. This
phenomenon may explain why an increase in perfusion at D8 in the tumor site would
indicate a good response to immunotherapy (witnessing the influx of immune cells),
while a decrease in perfusion at D21 would also indicate a good response (witnessing the
tumor necrosis).

Currently, more and more studies are looking at non-morphological criteria to evaluate
the response to ICIs. The metabolic response of tumors also seems to be a good way to assess
ICIs. In a retrospective study with a small cohort of 28 patients with non-small cell lung
cancer (NSCLC) treated with nivolumab, authors evaluated the potential of FDG PET/CT
to monitor ICIs’ response [20]: they used a modified PERCIST (PET Response Criteria in
Solid Tumors), iPERCIST (immune PET Response Criteria in Solid Tumors), which is a
dual-time-point evaluation of “unconfirmed progressive metabolic disease” status after the
first PET scan evaluation, followed by a new evaluation after 4 weeks to confirm or deny
a progressive metabolic disease (which is similar to iRECIST). In the study, iPERCIST is
a good tool to separate responder and non-responder patients, with significantly better
overall survival in responder patients (p = 0.0003). Moreover, the comparison of iPERCIST
with iRECIST showed a reclassification in 39% of the 28 patients with relevant additional
prognostics. However, we are confronted with the existence of a delay, as with iRECIST,
before being able to declare patients as non-responders. In another prospective study with a
small cohort of 24 patients, authors investigated whether 18F-FDG-PET/CT could predict the
therapeutic response of an ICI (nivolumab in NSCLC) in the early phase [21]. They showed
that at one month, the 18F-FDG uptake with the measure of total lesion glycoses (TLG)
could significantly predict partial response (p = 0.021) and progressive disease (p = 0.002).
Furthermore, a statistically significant difference in the predictive probability of response
was found between TLG by PET and CT scans at 1 month (p = 0.0007).

The perfusion was also analyzed to assess the response of ICIs with DCE-MRI, partic-
ularly in a study assessing DCE-MRI perfusion to predict pseudo-progression in metastatic
melanoma treated with immunotherapy [22]. With a cohort of 44 patients, the authors
highlighted that the plasma volume (Vp) was significantly lower in pseudo-progression
than in real progression (p = 0.04).

These studies represent interesting perspectives to complement morphological anal-
ysis in the early evaluation of the response to immunotherapy. However, unlike these
tools, DCE-US is much less expensive, less invasive, much more readily available, with
the possibility of repeating these examinations regularly after the onset of treatment to
study the perfusion profile. There is also no contraindication against renal failures, which
is not the case for the other techniques mentioned above. They are also much less con-
venient and are associated with harmful effects if repeated too frequently. These effects
include irradiation due to PET/CT or the accumulation of gadolinium in the brain, for
which we do not have the necessary hindsight concerning the safety of repeated injec-
tions. In addition to the previously mentioned tools, there is a new rising approach using
artificial intelligence (AI) and radiomics models as predictive biomarkers of response to
ICIs [23]. Trebeschi et al. [24] performed an AI-based characterization of 1055 lesions from
203 patients with advanced melanoma and NSCLC undergoing anti-PD1 therapy on the
pretreatment contrast-enhanced CT imaging data. In this study, significant performances
were observed to predict OS for both tumor types (p < 0.001) with ICIs. However, the
predictive performance varied depending on the site of the metastases, with non-significant
performance for liver metastases (p = 0.13) or adrenal metastases (p = 0.18). Khorrami
and al. [25] developed a radiomics model based on changes in pretreatment and early
post-treatment (6–8 weeks) CT scans of patients with NSCLC undergoing ICIs; in this
study, changes in the intra-tumoral and peritumoral tissue could predict RECIST response
(p < 0.05) and were associated with OS (HR 1.64, 95% CI 1.22–2.21).

There are some potential limitations associated with our study. First, this was a
monocentric retrospective study with a small population (63 patients). While most of these
patients were in the D21 group, 10 patients, i.e., 15%, were excluded essentially due to the
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suboptimal quality of DCE-US examinations. Nonetheless, our results showed a significant
association with overall survival at D21 and are consistent with a larger multicenter study
that analyzed the same tool (DCE-US) with another therapeutic class. Second, the studied
population was heterogeneous: it showcased different cancer types associated with various
histological characteristics and a difference in the ICIs used in this study. Third, DCE-
US explores and evaluates only one lesion, which may not represent all tumor lesions.
Furthermore, we did not compare the ultrasound results with the CT scan, which is still the
reference evaluation modality for anti-cancer treatments. The comparison might constitute
the topic of further study. Finally, further retrospective studies on a much larger population,
or a prospective one, would provide stronger proof of the validity of this biomarker.

5. Conclusions

We found that the decrease in perfusion parameters measured by DCE-US was signif-
icantly associated with the prolonged survival of patients treated with ICIs. A decrease
of more than 45% in AUC at D21 seems a promising biomarker. Additional studies on
a larger population would be useful to find a robust threshold to define non-responders
earlier after the start of treatment, avoiding a harmful loss of time. Finally, it would be
interesting to study perfusion under DCE-US at regular intervals from the first days after
the introduction of ICIs in a large cohort to try to find a specific vascular profile according to
each type of response to immunotherapy (pseudo-progression, hyper-progressive disease,
response, or non-response).

Author Contributions: Conceptualization: R.N. and N.L.; methodology: R.N. and Y.B.; data curation
and resources: B.B. and L.L.; formal analysis: Y.B. and H.T.; writing—original draft preparation and vi-
sualization: R.N. and Y.B.; writing—review and editing: L.L., S.A., J.H., H.T. and P.-H.C.; supervision:
N.L. and H.T. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: The study was approved by the ethics committee of Gustave
Roussy Institute and was declared to the French Commission Nationale Informatique et Liberté
(CNIL MR-004).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the
study. Written informed consent has been obtained from the patient(s) to publish this paper.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author and Nathalie LASSAU.

Acknowledgments: This work was supported by the DATAIA institute, Université Paris-Saclay,
which provided the funding for the employment of Y. Belkouchi and L. Lawrance.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Makaremi, S.; Asadzadeh, Z.; Hemmat, N.; Baghbanzadeh, A.; Sgambato, A.; Ghorbaninezhad, F.; Safarpour, H.; Argentiero,

A.; Brunetti, O.; Bernardini, R.; et al. Immune Checkpoint Inhibitors in Colorectal Cancer: Challenges and Future Prospects.
Biomedicines 2021, 9, 1075. [CrossRef]

2. Graziani, G.; Tentori, L.; Navarra, P. Ipilimumab: A novel immunostimulatory monoclonal antibody for the treatment of cancer.
Pharm. Res. 2012, 65, 9–22. [CrossRef] [PubMed]

3. Hargadon, K.M.; Johnson, C.E.; Williams, C.J. Immune checkpoint blockade therapy for cancer: An overview of FDA-approved
immune checkpoint inhibitors. Int. Immunopharmacol. 2018, 62, 29–39. [CrossRef] [PubMed]

4. Hodi, F.S.; Chiarion-Sileni, V.; Gonzalez, R.; Grob, J.J.; Rutkowski, P.; Cowey, C.L.; Lao, C.D.; Schadendorf, D.; Wagstaff, J.;
Dummer, R.; et al. Nivolumab plus ipilimumab or nivolumab alone versus ipilimumab alone in advanced melanoma (CheckMate
067): 4-year outcomes of a multicentre, randomised, phase 3 trial. Lancet Oncol. 2018, 19, 1480–1492. [CrossRef]

5. Younes, A.; Santoro, A.; Shipp, M.; Zinzani, P.L.; Timmerman, J.M.; Ansell, S.; Armand, P.; Fanale, M.; Ratanatharathorn, V.;
Kuruvilla, J.; et al. Nivolumab for classical Hodgkin’s lymphoma after failure of both autologous stem-cell transplantation and
brentuximab vedotin: A multicentre, multicohort, single-arm phase 2 trial. Lancet Oncol. 2016, 17, 1283–1294. [CrossRef]

http://doi.org/10.3390/biomedicines9091075
http://doi.org/10.1016/j.phrs.2011.09.002
http://www.ncbi.nlm.nih.gov/pubmed/21930211
http://doi.org/10.1016/j.intimp.2018.06.001
http://www.ncbi.nlm.nih.gov/pubmed/29990692
http://doi.org/10.1016/S1470-2045(18)30700-9
http://doi.org/10.1016/S1470-2045(16)30167-X


Cancers 2022, 14, 1337 13 of 13

6. Ziogas, I.A.; Evangeliou, A.P.; Giannis, D.; Giannis, D.; Hayat, M.H.; Mylonas, K.S.; Tohme, S.; Geller, D.A.; Elias, N.; Goyal, L.;
et al. The Role of Immunotherapy in Hepatocellular Carcinoma: A Systematic Review and Pooled Analysis of 2402 Patients.
Oncologist 2021, 26, e1036–e1049. [CrossRef]

7. Chung, H.C.; Piha-Paul, S.A.; Lopez-Martin, J.; Schellens, J.H.M.; Kao, K.; Miller, W.H., Jr.; Delord, J.P.; Gao, B.; Planchard, D.;
Gottfried, M.; et al. Pembrolizumab After Two or More Lines of Previous Therapy in Patients With Recurrent or Metastatic SCLC:
Results From the KEYNOTE-028 and KEYNOTE-158 Studies. J. Thorac. Oncol. 2020, 15, 618–627. [CrossRef]

8. Brahmer, J.; Reckamp, K.L.; Baas, P.; Crinò, L.; Eberhardt, W.E.E.; Poddubskaya, E.; Antonia, S.; Pluzanski, A.; Vokes, E.E.;
Holgado, E.; et al. Nivolumab versus Docetaxel in Advanced Squamous-Cell Non-Small-Cell Lung Cancer. N. Engl. J. Med. 2015,
373, 123–135. [CrossRef]

9. Overman, M.J.; McDermott, R.; Leach, J.L.; Lonardi, S.; Lenz, H.J.; Morse, M.A.; Desai, J.; Hill, A.; Axelson, M.; Moss, R.A.;
et al. Nivolumab in patients with metastatic DNA mismatch repair deficient/microsatellite instability–high colorectal cancer
(CheckMate 142): Results of an open-label, multicentre, phase 2 study. Lancet Oncol. 2017, 18, 1182–1191. [CrossRef]

10. Frelaut, M.; du Rusquec, P.; de Moura, A.; Tourneau, C.L.; Borcoman, E. Pseudo-progression and Hyperprogression as New
Forms of Response to Immunotherapy. BioDrugs 2020, 34, 463–476. [CrossRef]

11. Seymour, L.; Bogaerts, J.; Perrone, A.; Ford, R.; Schwartz, L.H.; Mandrekar, S.; Lin, N.U.; Litière, S.; Dancey, J.; Chen, A.;
et al. iRECIST: Guidelines for response criteria for use in trials testing immunotherapeutics. Lancet Oncol. 2017, 18, e143–e152.
[CrossRef]

12. Carter, B.W.; Bhosale, P.R.; Yang, W.T. Immunotherapy and the role of imaging. Cancer 2018, 124, 2906–2922. [CrossRef] [PubMed]
13. Dietrich, C.; Averkiou, M.; Correas, J.M.; Lassau, N.; Leen, E.; Piscaglia, F. An EFSUMB Introduction into Dynamic Contrast-

Enhanced Ultrasound (DCE-US) for Quantification of Tumour Perfusion. Ultraschall Der Med. Eur. J. Ultrasound 2012, 33, 344–351.
[CrossRef] [PubMed]

14. Lassau, N.; Bonastre, J.; Kind, M.; Vilgrain, V.; Lacroix, J.; Cuinet, M.; Taieb, S.; Aziza, R.; Sarran, A.; Labbe-Devilliers, C. Validation
of Dynamic Contrast-Enhanced Ultrasound in Predicting Outcomes of Antiangiogenic Therapy for Solid Tumors. Investig. Radiol.
2014, 49, 794–800. [CrossRef]

15. Relecom, A.; Merhi, M.; Inchakalody, V.; Uddin, S.; Rinchai, D.; Bedognetti, D.; Dermime, S. Emerging dynamics pathways of
response and resistance to PD-1 and CTLA-4 blockade: Tackling uncertainty by confronting complexity. J. Exp. Clin. Cancer Res.
2021, 40, 74. [CrossRef]

16. Lausen, B.; Lerche, R.; Schumacher, M. Maximally Selected Rank Statistics for Dose-Response Problems. Biom. J. 2002, 44, 131–147.
[CrossRef]

17. Kassambara, A.; Kosinski, M.; Biecek, P.; Fabian, S. Survminer: Drawing Survival Curves Using ‘ggplot2’; R Package Version 0.3;
Mathsoft: Cambridge, MA, USA, 2017; pp. 52–54.

18. Lassau, N.; Coiffier, B.; Faivre, L.; Baya, B.; Bidault, S.; Girard, E.; Asselain, B.; Pitre-Champagnat, S.; Koscielny, S. Study of
Intrapatient Variability and Reproducibility of Quantitative Tumor Perfusion Parameters Evaluated With Dynamic Contrast-
Enhanced Ultrasonography. Investig. Radiol. 2017, 52, 148–154. [CrossRef]

19. Lemaire, V.; Shemesh, C.S.; Rotte, A. Pharmacology-based ranking of anti-cancer drugs to guide clinical development of cancer
immunotherapy combinations. J. Exp. Clin. Cancer Res. 2021, 40, 311. [CrossRef]

20. Goldfarb, L.; Duchemann, B.; Chouahnia, K.; Zelek, L.; Soussan, M. Monitoring anti-PD-1-based immunotherapy in non-small
cell lung cancer with FDG PET: Introduction of iPERCIST. EJNMMI Res. 2019, 9, 8. [CrossRef]

21. Kaira, K.; Higuchi, T.; Naruse, I.; Arisaka, Y.; Tokue, A.; Altan, B.; Suda, S.; Mogi, A.; Shimizu, K.; Sunaga, N.; et al. Metabolic
activity by 18F–FDG-PET/CT is predictive of early response after nivolumab in previously treated NSCLC. Eur. J. Nucl. Med. Mol.
Imaging 2018, 45, 56–66. [CrossRef]

22. Umemura, Y.; Wang, D.; Peck, K.K.; Flynn, J.; Zhang, Z.; Fatovic, R.; Anderson, E.S.; Beal, K.; Shoushtari, A.N.; Kaley, T.; et al.
DCE-MRI perfusion predicts pseudo-progression in metastatic melanoma treated with immunotherapy. J. Neurooncol. 2020, 146,
339–346. [CrossRef] [PubMed]

23. Bera, K.; Braman, N.; Gupta, A.; Velcheti, V.; Madabhushi, A. Predicting cancer outcomes with radiomics and artificial intelligence
in radiology. Nat. Rev. Clin. Oncol. 2021, 19, 132–146. [CrossRef] [PubMed]

24. Trebeschi, S.; Drago, S.G.; Birkbak, N.J.; Kurilova, I.; Pizzi, D.; Lalezari, F.; Lambregts, D.M.J.; Rohaan, M.W.; Parmar, C.; Rozeman,
E.A.; et al. Predicting response to cancer immunotherapy using noninvasive radiomic biomarkers. Ann. Oncol. 2019, 30, 998–1004.
[CrossRef]

25. Khorrami, M.; Prasanna, P.; Gupta, A.; Pradnya, P.; Velu, P.D.; Thawani, R.; Corredor, G.; Alilou, M.; Bera, K.; Fu, P.; et al. Changes
in CT radiomic features associated with lymphocyte distribution predict overall survival and response to immunotherapy in
non-small cell lung cancer. Cancer Immunol. Res. 2020, 8, 108–119. [CrossRef] [PubMed]

http://doi.org/10.1002/onco.13638
http://doi.org/10.1016/j.jtho.2019.12.109
http://doi.org/10.1056/NEJMoa1504627
http://doi.org/10.1016/S1470-2045(17)30422-9
http://doi.org/10.1007/s40259-020-00425-y
http://doi.org/10.1016/S1470-2045(17)30074-8
http://doi.org/10.1002/cncr.31349
http://www.ncbi.nlm.nih.gov/pubmed/29671876
http://doi.org/10.1055/s-0032-1313026
http://www.ncbi.nlm.nih.gov/pubmed/22843433
http://doi.org/10.1097/RLI.0000000000000085
http://doi.org/10.1186/s13046-021-01872-3
http://doi.org/10.1002/1521-4036(200203)44:2&lt;131::AID-BIMJ131&gt;3.0.CO;2-Z
http://doi.org/10.1097/RLI.0000000000000324
http://doi.org/10.1186/s13046-021-02111-5
http://doi.org/10.1186/s13550-019-0473-1
http://doi.org/10.1007/s00259-017-3806-1
http://doi.org/10.1007/s11060-019-03379-6
http://www.ncbi.nlm.nih.gov/pubmed/31873875
http://doi.org/10.1038/s41571-021-00560-7
http://www.ncbi.nlm.nih.gov/pubmed/34663898
http://doi.org/10.1093/annonc/mdz108
http://doi.org/10.1158/2326-6066.CIR-19-0476
http://www.ncbi.nlm.nih.gov/pubmed/31719058

	Introduction 
	Materials and Methods 
	Patients 
	DCE-US Technique and Quantification 
	Assessments 
	Analysis 

	Results 
	Population 
	At D8 
	At D21 
	Change in AUC between D8 and D21 

	Discussion 
	Conclusions 
	References

