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ABSTRACT
Background The inflammatory tumor microenvironment 
(TME) is formed by various immune cells, being closely 
associated with tumorigenesis. Especially, the interaction 
between tumor- infiltrating T- cells and macrophages has 
a crucial impact on tumor progression and metastatic 
spread. The purpose of this study was to investigate 
whether oscillating- gradient diffusion- weighted MRI 
(OGSE- DWI) enables a cell size- based discrimination 
between different cell populations of the TME.
Methods Sine- shaped OGSE- DWI was combined with 
the Imaging Microstructural Parameters Using Limited 
Spectrally Edited Diffusion (IMPULSED) approach to 
measure microscale diffusion distances, here relating 
to cell sizes. The accuracy of IMPULSED- derived cell 
radii was evaluated using in vitro spheroid models, 
consisting of either pure cancer cells, macrophages, 
or T- cells. Subsequently, in vivo experiments aimed to 
assess changes within the TME and its specific immune 
cell composition in syngeneic murine breast cancer 
models with divergent degrees of malignancy (4T1, 67NR) 
during tumor progression, clodronate liposome- mediated 
depletion of macrophages, and immune checkpoint 
inhibitor (ICI) treatment. Ex vivo analysis of IMPULSED- 
derived cell radii was conducted by immunohistochemical 
wheat germ agglutinin staining of cell membranes, while 
intratumoral immune cell composition was analyzed by 
CD3 and F4/80 co- staining.
Results OGSE- DWI detected mean cell radii of 
8.8±1.3 µm for 4T1, 8.2±1.4 µm for 67NR, 13.0±1.7 
for macrophage, and 3.8±1.8 µm for T- cell spheroids. 
While T- cell infiltration during progression of 4T1 tumors 
was observed by decreasing mean cell radii from 
9.7±1.0 to 5.0±1.5 µm, increasing amount of intratumoral 
macrophages during progression of 67NR tumors resulted 
in increasing mean cell radii from 8.9±1.2 to 12.5±1.1 µm. 
After macrophage depletion, mean cell radii decreased 
from 6.3±1.7 to 4.4±0.5 µm. T- cell infiltration after ICI 
treatment was captured by decreasing mean cell radii in 
both tumor models, with more pronounced effects in the 
67NR tumor model.

Conclusions OGSE- DWI provides a versatile tool for non- 
invasive profiling of the inflammatory TME by assessing 
the dominating cell type T- cells or macrophages.

INTRODUCTION
Immune cells are main players in building, 
shaping, and reprogramming the tumor 

WHAT IS ALREADY KNOWN ON THIS TOPIC
 ⇒ The interaction of T- cells and tumor- associated 
macrophages is crucial for tumor progression, met-
astatic spread, and therapy response.

 ⇒ Current imaging approaches to monitor the infiltra-
tion of T- cells and macrophages into tumor lesions 
are based on cell labeling techniques, thus relying 
on previous tracer injection.

WHAT THIS STUDY ADDS
 ⇒ In this study, we present a tracer- free and non- 
invasive diffusion- weighted MR imaging approach 
that allows for in vivo characterization of the in-
flammatory TME, by using a cell size- based dis-
crimination between cancer cells, T- cells, and 
macrophages.

 ⇒ Assessment of both either primarily T- cell or pri-
marily macrophage infiltration into tumor lesions 
enables monitoring of disease progression and early 
detection of successful response to immunothera-
pies, even when established tumor volumetry fails 
to indicate treatment response.

HOW THIS STUDY MIGHT AFFECT RESEARCH, 
PRACTICE OR POLICY

 ⇒ The presented diffusion- weighted MR imaging ap-
proach may serve as a valuable tool for tumor char-
acterization and repeated assessment of response 
to immunotherapies.

 ⇒ Its robustness provides the preconditions for trans-
lation to clinical settings, which may offer substan-
tial improvements in prediction of therapy outcome 
and patients’ prognosis.
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microenvironment (TME).1 2 While the inflammatory 
TME is characterized by complex and dynamic intercon-
nections between various immune cell subtypes, espe-
cially T- cells are major effectors of tumor- promoting 
inflammation, enhancing tumor progression and meta-
static spread.3 4 T- cell activation and priming is critically 
dependent on their interaction with tumor- associated 
macrophages, leading to a functional crosstalk between 
both cell populations.5 Because of their complex inter-
play with significant impact on therapy outcome and 
patients’ prognosis,4 6 imaging of both T- cell and macro-
phage infiltration into tumor lesions is highly desired.

There are several preclinical and clinical studies 
aiming for in vivo imaging of the intratumoral immune 
cell infiltrate, mainly applying direct or indirect cell 
labeling, inter alia using positron emission tomography 
with different radiotracers or MRI with various nanopar-
ticles.7 Compared with the analysis of immune cells in 
conventional tissue biopsies, these imaging approaches 
are less invasive, avoid tissue sampling bias, and can be 
performed repetitively over time. Imaging mostly targets 
specific surface or intracellular markers of the immune 
cells and crucially relies on previous tracer injection.8 
Tracer injection may not always be clinically suitable. 
Therefore, endogenous markers of tissue composition 
are being investigated as alternatives.

Diffusion- weighted imaging (DWI) samples the diffu-
sivity of water molecules in different compartments. The 
MR signal of highly diffusive water molecules is attenu-
ated, depending on their distance traveled, whereas slowly 
diffusing molecules retain most of their signal contribu-
tion. Water inside small or between densely packed cells 
is hindered in diffusing over long distances and thus 
generates high signal in DWI.9–11 Compared with conven-
tional pulsed gradient DWI, temporally varying gradi-
ents provide sensitivity to shorter diffusion distances and 
thus can resolve smaller structures.12–16 In particular for 
the investigation of cancer cells, a number of geometric 
models have been developed that enable extraction of 
cell sizes from series of DWI measurements.17 18 Based on 
a limited number of low- frequency oscillating diffusion- 
encoding gradient spin echo (OGSE) acquisitions, the 
Imaging Microstructural Parameters Using Limited Spec-
trally Edited Diffusion (IMPULSED) method selects a 
specific spectral diffusion window for an accurate quan-
tification of cell sizes, assuming impermeable densely 
packed spherical cells.17

Cancer cells of various tumor entities, both in humans 
and in mice, have radii of 6 to 10 µm,17 19 20 whereas T- cells, 
with radii ranging from 2 to 4 µm,21 are considerably 
smaller, and macrophages, having radii of up to 15 µm,22 
are substantially larger. Accordingly, the mean cell size 
of a tumor lesion, averaged over all intratumoral cell 
populations, increases with infiltration of macrophages, 
while infiltration of T- cells leads to a decrease in mean 
cell size. Combining the differences in cell size between 
cancer cells and different immune cells and their subse-
quent impact on the mean cell radius of a tumor lesion 

with OGSE- DWI’s capacity to measure mean cell sizes 
in vivo, OGSE- DWI has the potential to detect changes 
between predominant cell populations in the tumor and 
peritumoral tissue.12 17 18 This suggests OGSE- DWI to be 
a promising approach for non- invasive imaging and cell 
size- based differentiation of the intratumoral immune 
cell infiltrate.

Recent preclinical studies have used the IMPULSED 
approach to detect cell sizes of different breast cancer 
lines in vitro using centrifuged cell pellets.23 First in 
vivo studies on a mouse model of colorectal cancer have 
already shown that the IMPULSED approach using 
OGSE- DWI is capable of measuring mean cell sizes within 
tumor lesions, detecting decreasing mean cell sizes after 
immunotherapy- induced T- cell infiltration.17 24

The purpose of this study was to investigate whether 
OGSE- DWI allows for dynamic in vivo characterization of 
different cell populations within the inflammatory TME, 
assessing TME changes of both myeloid and lymphoid 
cells during disease progression as well as under immu-
notherapy. Our particular focus was to provide a tool for 
monitoring different immune cell populations within the 
TME.

To this end, we applied the IMPULSED model to sine- 
shaped OGSE- DWI to differentiate between cell popu-
lations with a wide range of radii including those larger 
than 10 µm. To closely reproduce the in vivo situation and 
at the same time meet the assumptions of the IMPULSED 
model, we used in vitro cell spheroids consisting of either 
pure cancer cells, T- cells, or macrophages. Subsequently, 
we applied our approach to murine breast cancer models 
to monitor intratumoral immune cell infiltrates in vivo 
depending on changes in mean cell sizes due to infil-
tration of either T- cells (reduction in mean cell size) or 
macrophages (increase in mean cell size). The specific 
contribution of infiltrating T- cells and macrophages 
within the TME was evaluated for two tumor models with 
divergent degrees of malignancy for a set of different 
conditions. The TME was investigated during tumor 
progression, clodronate liposome- mediated depletion of 
macrophages, and immune checkpoint inhibitor (ICI) 
treatment which addresses primarily lymphocytes.

METHODS
Experimental outline
To assess the accuracy of OGSE- DWI and its ability to 
distinguish between different cell types, OGSE- DWI was 
performed on in vitro spheroids, consisting exclusively 
of either cancer cells, macrophages, or T- cells (online 
supplemental figure 1a). In vivo scanning of highly malig-
nant 4T1 and low malignant 67NR murine breast tumors 
over 9 days after tumor implantation was performed to 
reveal longitudinal changes of the inflammatory TME 
and its differences between tumors with divergent degrees 
of malignancy. Dedicated manipulation of the intratu-
moral immune cell infiltrate was conducted by treating 
4T1 tumors with clodronate- loaded liposomes, causing 
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a specific depletion of macrophages. Finally, the ability 
of OGSE- DWI to monitor treatment response to immu-
notherapy was studied on 4T1 or 67NR tumor- bearing 
mice treated with ICIs (online supplemental figure 1b). 
IMPULSED- derived cell radii were compared with manu-
ally measured cell radii after immunohistochemical wheat 
germ agglutinin (WGA) staining of cell membranes 
(online supplemental figure 2), and immune cell compo-
sition was analyzed by CD3 and F4/80 co- staining.

Cell lines
Four different cell lines have been used, including the 
murine breast cancer cell lines 4T1 (high malignancy) 
and 67NR (low malignancy),25 as well as ER- HoxB8 
macrophages, and C57BL/6 pan T- cells. Cell culture 
conditions and details on T- cell isolation are provided in 
online supplemental method 1.

In vitro MR imaging
Spheroid formation was performed as previously 
described26 (online supplemental method 2) and spher-
oids were embedded in agarose gel- solidified cell culture 
medium (figure 1A,B). Imaging of the spheroids was 
performed on a 9.4 T small animal MRI Biospec system 
(Bruker BioSpin GmbH, Ettlingen, Germany), equipped 
with an actively shielded gradient system (maximum 
gradient amplitude of 700 mT/m, slew rate=4500 

T/m/s), and a two- element transceiver cryogenic probe, 
using ParaVision V.6.0.1. For localization of the spher-
oids, a T2- weighted RARE (rapid acquisition with relax-
ation enhancement) sequence with TR=2500 ms, TE=11 
ms, effective TE=33 ms, 2 averages, 0.6 mm slice thick-
ness, 10.2×10.2 mm2 FOV (field of view), 128×128 matrix, 
RARE factor=8 was acquired. For the IMPULSED analysis 
sine- shaped diffusion gradients, oscillating at different 
frequencies and b- values, were applied. The frequency 
of 0 Hz simply resulted in a conventional pulsed gradient 
spin echo sequence (PGSE). One PGSE and two OGSE 
diffusion- weighted imaging experiments were performed 
as multi- shot EPI (echo- planar imaging) sequences with 
four segments (TR=3000 ms, TE=69 ms, 4 averages, 
0.6 mm slice thickness, 10.2×10.2 mm2 FOV, 128×128 
matrix, three orthogonal diffusion gradient directions, 
diffusion gradient duration δ=20 ms, diffusion gradient 
separation Δ=25 ms, and nine b- values including 0, 0.125, 
0.25, 0.375, 0.5, 0.75, 1, 1.5, 2 ms/µm2). The sine- OGSE 
sequence was conducted with gradient frequencies of 50 
and 100 Hz, leading to an overall acquisition time of 1 
hour:07 min:12 s.

In vivo experiments
Animal husbandry and experiments were carried out 
in accordance with local animal welfare guidelines, 
approved by local authorities (Landesamt für Natur, 
Umwelt und Verbraucherschutz NRW, Protocol No. 
81- 02.04.2018.A010). Female BALB/c mice (Charles 
River Laboratories, Sulzfeld, Germany) were used at the 
age of 8 to 12 weeks.

Two murine breast cancer models with different 
degrees of malignancy were used: While highly malignant 
4T1 tumors metastasize in regional lymph nodes as well 
as distant organs, primarily the lung, liver, and bones, 
67NR tumors grow non- invasively and do not develop 
metastases.25 For tumor implantation, 106 4T1 or 67NR 
cells were resuspended in 25 µL cell culture medium and 
implanted orthotopically via injection into the lower left 
mammary fat pad. Tumor sizes were measured daily using 
a digital caliper. Longitudinal MR imaging during tumor 
progression was conducted on either day three, six, or 
nine. On a separate set of animals, decimation of macro-
phages was induced by treatment with clodronate- loaded 
liposomes (Liposoma BV, Amsterdam, Netherlands) with 
a daily tail vein injection (50 mg/kg) starting immediately 
after tumor implantation, until MR imaging on day six. 
To evaluate OGSE- DWI’s capability to monitor response 
to immunotherapies, mice were treated with ICIs (combi-
nation of anti- CTLA4 and anti- PD1; Bio X Cell, Lebanon, 
New Hampshire, USA). Starting on day three after tumor 
injection, ICI treatment was administered by intraper-
itoneal injection (10 mg/kg) every other day and MR 
imaging was conducted on day six or day nine. After MRI 
scans, the mice were sacrificed and tumors were prepared 
for immunohistochemical analysis.

Figure 1 OGSE- DWI is able to differentiate between cancer 
cells, macrophages, and T- cells using in vitro spheroids. (A) 
67NR tumor spheroid after WGA staining of cell membranes 
(red) and nuclei (blue); scale bar indicates 200 µm. (B) 
For MR imaging, the spheroid was embedded in agarose 
gel- solidified cell culture medium. (C) Localization of the 
spheroid was performed using T2- weighted imaging. Scale 
bar indicates 1.5 mm. (D) Corresponding diffusion- weighted 
image of the spheroid (b=0.25 ms/µm2, fOGSE=50 Hz). Scale 
bar indicates 1.5 mm. (E) IMPULSED- derived cell radii (black) 
differed significantly between cancer cells (4T1, 67NR) and 
immune cells, with larger cell radii for macrophages and 
smaller radii for T- cells, validated by immunohistochemical 
WGA staining (gray). Statistical significance was determined 
by two- sided t- tests (**p<0.01, ****p<0.0001). Each dot 
indicates mean cell radius of one spheroid. Horizontal 
lines represent group means. Figure partially created 
using Biorender.com. IMPULSED, Imaging Microstructural 
Parameters Using Limited Spectrally Edited Diffusion; OGSE- 
DWI, oscillating- gradient diffusion- weighted MRI; WGA, 
wheat germ agglutinin.
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In vivo MR imaging
In vivo MR imaging was performed on the same 9.4 T 
Biospec system, but using a 1H quadrature volume reso-
nator for signal excitation and a 10 mm surface coil for 
signal reception (Bruker BioSpin GmbH). Mice were 
anesthetized with 1.5% isoflurane in 1.5 L/min of oxygen 
and compressed air (1:4) under continuous monitoring of 
respiration and body temperature. Temperature control 
was ensured via a warming bed supplied with warm water 
(Haake SC150, Thermo Scientific). Animals were placed 
in supine position and the tumor was covered in alginate 
(Johannes Weithas, Lütjenburg, Germany) to reduce 
susceptibility artifacts. For anatomical information, a 
T2- weighted RARE sequence with TR=2500 ms, TE=11 
ms, effective TE=55 ms, 2 averages, 1 mm slice thick-
ness, 9 slices, 20×20 mm2 FOV, 256×256 matrix, RARE 
factor=12 was acquired. Multislice T2- weighted images 
were used to perform tumor volumetry, using 3D Slicer 
(https://www.slicer.org/, V.4.11.2021). The slice with 
the greatest mean tumor diameter was chosen for the 
subsequent DWI sequences. PGSE and OGSE sequences 
were performed as multi- shot EPI sequences with four 
segments (TR=1000 ms, TE=88 ms, 8 averages, 1.0 mm 
slice thickness, 18×15 mm2 FOV, 96×64 matrix, regional 
saturation of the surrounding tissue, three orthogonal 
diffusion gradient directions, diffusion gradient duration 
δ=25 ms, diffusion gradient separation Δ=30 ms, and nine 
b- values including 0, 0.125, 0.25, 0.375, 0.5, 0.75, 1, 1.5, 
2 ms/µm2). The in vivo OGSE sequence was conducted 
with gradient frequencies of 40, 80, 120, and 160 Hz, 
leading to an overall acquisition time of 26 min:00 s.

IMPULSED-derived cell size analysis
Cell radii were calculated from sine- OGSE and PGSE 
diffusion- weighted images using the IMPULSED 
approach17 (online supplemental method 3). In brief, 
we applied IMPULSED to sine- shaped oscillating diffu-
sion gradients to be sensitive for quantification of a wider 
range of cell radii compared with cosine- shaped oscil-
lating gradient modulations, used in previous studies 
(online supplemental figure 4): While cosine- shaped 
OGSE- DWI is particularly sensitive to cell radii smaller 
than 10 µm, sine- shaped OGSE- DWI is sensitive to larger 
cell radii of up to 15 µm, without losing discrimination of 
the small cell radii. Cell sizes were calculated as averages 
for manually selected regions of interest (ROIs), placed 
in diffusion- weighted images. For in vitro analysis, an 
entire spheroid was selected as ROI (n=9 4T1 spheroids, 
n=10 67 NR spheroids, n=10 macrophages spheroids, 
n=9 T- cell spheroids). For in vivo analysis, two represen-
tative ROIs were placed in the viable tumor border, and 
their mean yielded the average cell radius per animal. 
ROIs were placed to avoid central necrosis and hemor-
rhage, observed during tumor progression and after 
immunotherapy. Viable tumor parts were identified 
from multislice T2- weighted RARE images. To reduce 
the interobserver variability, the ROIs were placed by two 
different investigators and their localizations within the 

viable tumor border were confirmed by a board- certified 
radiologist. Exemplary locations of the ROIs are marked 
in all figures. In vivo group sizes were as followed: n=8, 
n=6, n=5 for 4T1 tumors on days three, six, and nine, 
respectively; n=6, n=6, n=5 for 67NR tumors on days 
three, six, and nine, respectively; n=6 clodronate- treated 
4T1 tumors; n=8, n=7 for ICI- treated 4T1 tumors on days 
six and nine, respectively; n=7, n=8 for ICI- treated 67NR 
tumors on days six and nine, respectively.

Ex vivo analysis of spheroids
For ex vivo measurements of cell sizes, the plasma 
membrane of the spheroid- forming cells was labeled 
with wheat germ agglutinin (WGA; online supplemental 
figure 2, online supplemental method 4). Subsequently, 
confocal images were acquired with an LSM 800 (Carl 
Zeiss Microscopy, Oberkochen, Germany), and cell radii 
were determined with the software ZEN V.2.6 (blue 
edition; Carl Zeiss Microscopy). For quantification of cell 
radii in 4T1, 67NR, and macrophage spheroids, at least 
500 cells of 5 different spheroids were measured. Because 
T- cells are mostly cadherin- deficient and therefore aggre-
gate poorly,27 their spheroids were overall smaller, and 
only 100 cells were measured.

Ex vivo analysis of tumor sections
For ex vivo analysis of cancer cells and their microenvi-
ronment, tumors were paraffin- embedded and sectioned 
in 5 µm tissue slices using a microtome (Leica Microsys-
tems, Nussloch, Germany). To validate the cell radii 
determined by our modified IMPULSED approach, 
immunohistochemical WGA staining was performed. 
The radii of at least 1000 cells of the viable tumor border 
of three different tissue samples were analyzed (online 
supplemental figure 2). To exclude that changes in 
cancer cell size, inter alia due to a potentially higher 
mechanical pressure exerted in larger tumors, dominate 
the changes observed in mean IMPULSED- derived cell 
radii, exclusive measurements of cancer cell radii were 
conducted (online supplemental figure 9). For dedicated 
analysis of the immune cell infiltrate, immunohistochem-
ical staining of CD3, a pan- T- cell marker,28 and F4/80, a 
marker of murine macrophages,29 was performed (online 
supplemental method 5). To further exclude that changes 
in mean IMPULSED- derived cell radii are dominated 
by other immune cell populations besides T- cells and 
macrophages, further immunohistochemical analysis of 
either granulocytes (Ly6G), natural killer cells (CD49b) 
or B- cells (CD45R) was conducted (online supplemental 
figure 10, online supplemental method 5). For repro-
ducible quantitation of mean fluorescence intensities 
(MFIs), analyses of confocal fluorescence images were 
conducted following Shihan et al’s protocol,30 using ZEN 
V.2.6 and ImageJ (Rasband, W.S., US National Institutes 
of Health, Bethesda, Maryland, USA). Three different, 
non- overlapping ROIs of the viable tumor border were 
randomly selected and their MFI yielded the mean MFI 
for each tumor. Complete cross sections of the tumors 
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are provided in online supplemental figure 11. For each 
group, three different tumors were analyzed.

Statistical analysis
All values are given as mean±SD. Shapiro- Wilk test was 
performed to check for normal distribution of data 
(α=0.05). Two- sided t- tests were performed to compare 
in vitro radii of the different cell populations. To assess 
whether the measurements of spheroid cell radii after 
immunohistochemical WGA staining validate the MRI 
results, we conducted two- sided t- tests between the 
IMPULSED- derived radii and the radii measured after 
WGA staining for each cell line. Cell radii of longitudinal 
in vivo data were evaluated by one- way analyses of variance 
(ANOVAs) with Tukey’s post hoc tests or Kruskal- Wallis 
tests (depending on p values of previous Shapiro- Wilk 
test). Additionally, Spearman rank correlation coeffi-
cients between cell radii and day of tumor growth were 
calculated to compare longitudinal changes in cell radii 
obtained in vivo by OGSE- DWI with radii obtained ex 
vivo after WGA staining. Cell radii of therapy groups 
(ICI, clodronate- loaded liposomes) were compared with 
control groups using two- sided t- tests or Mann- Whitney 
U tests (depending on p values of previous Shapiro- Wilk 
test). Statistics were calculated using GraphPad Prism 
(V.9.2.0, GraphPad Software, San Diego, California, USA) 
and SAS (V.9.4, Copyright SAS Institute). Descriptive 
statistics, p values, t values, and df for t- tests, Z- scores for 
Mann- Whitney U tests and F values and df for ANOVAs 
are provided in online supplemental tables 2–7.

RESULTS
In vitro spheroid experiments
The capability of sine- OGSE- DWI and IMPULSED anal-
ysis for a cell size- dependent discrimination between 
cancer cells and immune cells in vitro was assessed using 
spheroids, consisting exclusively of either 4T1 or 67NR 
breast cancer cells, macrophages, or T- cells (online 
supplemental figure 1a).

Successful spheroid formation was confirmed by 
light microscopy (figure 1A). While 4T1, 67NR, and 
macrophage spheroids showed diameters of approx-
imately 400 µm, T- cell spheroids were overall smaller 
with a maximum diameter of 200 µm. All spheroids 
showed similar cell packing and density. Embedded in 
agarose gel, spheroids were identified as hyperintense 
spots in T2- weighted and diffusion- weighted MR images 
(figure 1B–D). Average cell radii of spheroids were calcu-
lated from sine- OGSE- DWI using the IMPULSED method. 
Cell radii from 4T1 and 67NR spheroids showed no 
significant difference (p=0.38) with a mean cell radius of 
8.8±1.3 µm for 4T1 cancer cells and 8.2±1.4 µm for 67NR 
cancer cells. Cell radii between cancer cell and immune 
cell spheroids differed significantly, with 13.0±1.7 µm 
for macrophages (p<0.0001) and 3.8±1.8 µm for T- cells 
(p<0.0001). Ex vivo measurements of cell radii were 
performed after immunohistochemical WGA staining of 

cell membranes, resulting in mean cell radii of 9.2±1.5 µm 
for 4T1 cancer cells, 8.7±1.6 µm for 67NR cancer cells 
(p=0.53), 13.5±1.9 µm for macrophages (p=0.004), and 
2.6±1.3 µm for T- cells (p<0.0001) (figure 1E). These ex 
vivo results matched the in vivo IMPULSED- derived cell 
radii, without any significant differences between MRI 
and WGA for each cell line.

In vivo longitudinal studies
Since our approach was able to differentiate between 
cancer cells, T- cells, and macrophages in the in 
vitro spheroid experiments, we investigated whether 
OGSE- DWI was capable of in vivo imaging of the intra-
tumoral immune cell infiltrate and its dynamic changes 
during tumor progression, comparing the results of two 
murine breast cancer models with different degrees of 
malignancy (4T1: highly malignant, metastatic, 67NR: 
low malignant, non- metastatic) (online supplemental 
figure 1b).

Multislice T2- weighted imaging confirmed increasing 
tumor volumes in both tumor models, with 4T1 tumors 
growing faster than 67NR tumors.31 During progression, 
especially 4T1 tumors developed central areas of necrosis 
and hemorrhage, surrounded by a viable tumor border. 
Such necrotic cores were much less pronounced in 67NR 
tumors (figure 2A,B). Subsequent in vivo assessment of 
cell sizes was therefore performed in the viable tumor 
border.

Longitudinal analysis of OGSE- DWI data during tumor 
progression revealed a 50% decrease in mean cell radii 
of 4T1 tumors over time, declining from 9.7±1.0 µm 
on day three, to 6.3±1.7 µm on day six (p=0.0008), and 
5.0±1.5 µm on day nine (p<0.0001). 67NR tumors instead 
showed a 55% increase in mean cell radii with 8.9±1.2 µm 
on day three, 11.7±0.9 µm on day six (p=0.001), and 
12.5±1.1 µm on day nine (p=0.0002). In line with this, 
ex vivo measurements of mean cell radii after unspecific 
WGA staining revealed decreasing cell radii of 6.5±0.7, 
4.6±1.4, and 3.4±0.4 µm on days three, six, and nine in 
4T1 tumors (p=0.1 for day six, p=0.02 for day nine), and 
increasing cell radii of 6.4±0.9, 7.1±0.5, and 8.5±0.4 µm 
were found during progression of 67NR tumors (p=0.46 
for day six, p=0.01 for day nine) (figure 2C,D). Spearman 
correlation analysis of days of tumor progression (3, 6, 
9 days) and cell radii displayed similar trends between 
in vivo OGSE- DWI and ex vivo WGA staining in 4T1 
(OGSE- DWI: ρ=−0.81, p<0.0001, WGA staining: ρ=−0.84, 
p=0.004) and 67NR tumors (OGSE- DWI: ρ=0.8, p=0.0001, 
WGA staining: ρ=0.84, p=0.004). Cancer cells showed 
no substantial differences in size during tumor progres-
sion with differences in mean cell radii of no more than 
5% (online supplemental figure 9). Thus, changes in 
cancer cell size can be excluded as a cause for changes in 
IMPULSED- derived cell radii.

Immunohistochemical analysis and MFI of intratumoral 
CD3 and F4/80 expression showed higher immune cell 
content in highly malignant 4T1 tumors compared with 
low malignant 67NR tumors at each respective time point. 

 on M
ay 22, 2023 by guest. P

rotected by copyright.
http://jitc.bm

j.com
/

J Im
m

unother C
ancer: first published as 10.1136/jitc-2022-006092 on 14 M

arch 2023. D
ow

nloaded from
 

https://dx.doi.org/10.1136/jitc-2022-006092
https://dx.doi.org/10.1136/jitc-2022-006092
https://dx.doi.org/10.1136/jitc-2022-006092
https://dx.doi.org/10.1136/jitc-2022-006092
https://dx.doi.org/10.1136/jitc-2022-006092
https://dx.doi.org/10.1136/jitc-2022-006092
https://dx.doi.org/10.1136/jitc-2022-006092
http://jitc.bmj.com/


6 Hoffmann E, et al. J Immunother Cancer 2023;11:e006092. doi:10.1136/jitc-2022-006092

Open access 

4T1 tumors were characterized by an approximately 
balanced ratio of CD3+ T- cells and F4/80+ macrophages on 
day three (MFICD3=3.4 ± 0.7 a.u. and MFIF4/80=5.3 ± 0.6 a.u.). 
During further disease progression, the share of T- cells 
increased, as became evident on day six (MFICD3=13.5 
± 0.7 a.u., p=0.05) and day nine (MFICD3=16.2 ± 1.1 a.u., 
p=0.02), given constant values for MFIF4/80 (figure 3A–D). 

67NR tumors showed comparatively lower immune 
cell infiltration on day three (MFICD3=0.8 ± 0.1 a.u. and 
MFIF4/80=1.3 ± 0.3 a.u.), with increasing content of macro-
phages on day six (MFIF4/80=6.0 ± 1.0 a.u., p=0.001) and 
day nine (MFIF4/80=7.5 ± 1.1 a.u., p=0.0002), while the 
number of T- cells remained low (6d: MFICD3=0.8 ± 0.2 a.u., 
9d: MFICD3=0.8 ± 0.2 a.u.) (figure 3E–H). During progres-
sion of both tumor models, no substantial changes in 
intratumoral granulocytes, natural killer cells or B- cells 
were observed (online supplemental figure 10).

In vivo assessment of clodronate liposome-mediated 
macrophage depletion
To confirm that the observed increasing mean cell radii 
were due to infiltrating macrophages, the immune cell 
infiltrate was modulated by clodronate liposome- mediated 
depletion of macrophages. OGSE- DWI and IMPULSED- 
derived cell size analysis were expected to yield lower 
mean cell sizes after specific depletion of macrophages 

Figure 3 Immunohistochemical analysis of the immune 
cell infiltrate during tumor progression. (A–C) Representative 
4T1 tumor sections after 3- channel stainings of nuclei (blue), 
F4/80 (violet, macrophages), and CD3 (green, T- cells) with 
correlating merged images. (D) Mean fluorescence intensity 
(MFI) of immunohistochemical CD3 and F4/80 expression in 
4T1 tumors showed a balanced ratio of macrophages and 
T- cells on day three, with increasing share of T- cells on day 
six and day nine. (E–G) Representative 67NR tumor sections 
after 3- channel stainings of nuclei (blue), F4/80 (violet, 
macrophages), and CD3 (green, T- cells) with correlating 
merged images. (H) MFI of immunohistochemical CD3 and 
F4/80 expression in 67NR tumors revealed overall lower 
immune cell content compared with 4T1 tumors. During 
progression, the content of macrophages increased, while 
the amount of T- cells remained consistently low. Scale bars 
represent 50 µm. Each dot indicates mean MFI of one tumor. 
Horizontal lines represent group means.

Figure 2 Capability of OGSE- DWI to monitor immune 
cell infiltrate during tumor progression. (A) T2- weighted 
and diffusion- weighted MR images (b=0.125 ms/µm2, 
fOGSE=80 Hz) of 4T1 tumors on day three, six, and nine. During 
progression, tumor volume increased and tumors exhibited 
central necrotic and hemorrhagic areas, identified as 
hypointense areas in the tumor center. ROIs for IMPULSED- 
based cell size analysis are indicated with dashed white 
circles. (B) T2- weighted and diffusion- weighted MR images 
(b=0.125 ms/µm2, fOGSE=80 Hz) of 67NR tumors on day three, 
six, and nine. During progression, tumor volume increased 
with only minor signs of necrosis, but generally homogeneous 
appearance. ROIs for IMPULSED- based cell size analysis are 
indicated with dashed white circles. (C) Mean IMPULSED- 
derived cell radii (black) decreased during progression 
of 4T1 tumors. WGA staining of cell membranes (gray) 
displayed similar trends. (D) Mean IMPULSED- derived cell 
radii (black) increased during progression of 67NR tumors. 
WGA staining of cell membranes (gray) displayed similar 
trends. Statistical significance was determined by one- way 
ANOVAs with Tukey’s post hoc analysis or Kruskal- Wallis 
test, depending on normal distribution of data (**p<0.01, 
***p<0.001, ****p<0.0001). Each dot indicates mean cell 
radius of one tumor. Horizontal lines represent group means. 
ANOVAs, one- way analyses of variance; IMPULSED, Imaging 
Microstructural Parameters Using Limited Spectrally Edited 
Diffusion; OGSE- DWI, oscillating- gradient diffusion- weighted 
MRI; ROI, region of interest; WGA, wheat germ agglutinin.
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in 4T1 tumors treated with clodronate- loaded liposomes 
for 6 days.

Treatment with clodronate- loaded liposomes had 
no signicifacnt influence on the volume of 4T1 tumors 
(54.4±18.1 mm3 vs 46.9±12,7 mm3 of the control group, 
p=0.22). IMPULSED- derived cell radii decreased signifi-
cantly (p=0.02) after clodronate liposome treatment 
to a mean cell radius of 4.4±0.5 µm compared with 
6.3±1.7 µm of the control group (figure 4). Ex vivo immu-
nohistochemical analysis of F4/80 expression confirmed 
successful depletion of macrophages (MFIF4/80=0.6 ± 0.2 
a.u. vs 3.2±0.7 a.u. of untreated controls, p=0.004) along 
with a constant number of T- cells (MFICD3=13.2 ± 1.3 a.u. 
vs 13.5±0.7 a.u. of untreated controls) (figure 5), and also 
WGA staining of cell membranes showed decreasing aver-
aged cell radii after treatment (3.1±0.1 µm vs 4.6±1.4 µm 
of the control group, p=0.05) (figure 4).

In vivo treatment with ICIs
With the perspective of future clinical applications, we 
investigated whether OGSE- DWI enables response assess-
ment to immunotherapies. For this purpose, 4T1 or 
67NR tumor- bearing mice were treated with a combina-
tion therapy of anti- PD1 and anti- CTLA4 ICIs, comparing 
the changes within the TME between tumors with diver-
gent degrees of malignancy.

Therapy response was investigated by T2- weighted 
MRI and OGSE- DWI (figure 6A–D). Tumor volumes 
of ICI- treated 4T1 tumors slightly increased with 
67.35±26.61 mm3 (control group: 46.94±12.73 mm3, 
p=0.02) on day six and 161.42±44.82 mm3 (control 
group: 113.65±33.96 mm3, p=0.03) on day nine, in line 

with excessive necrosis and hemorrhage in the tumor 
center. ICI- treated 67NR tumors showed reduced 
tumor volumes with 12.82±1.83 mm3 compared with 
18.41±4.75 mm3 of the control group (p=0.01) on day six 
and 19.40±10.42 mm3 compared with 50.18±13.23 mm3 
of the control group (p=0.0001) on day nine, with only 
small areas of intratumoral necrosis.

After treatment, both tumor models showed signifi-
cantly lower IMPULSED- derived cell radii on day six 
(4T1: 4.6±0.8 µm vs 6.3±1.7 µm for controls, p=0.03, 
67NR: 7.1±0.5 µm vs 11.7±0.9 µm for controls, p=0.003) 
and day nine (4T1: 3.2±0.8 µm vs 5.0±1.5 µm for controls, 
p=0.02, 67NR: 5.2±0.7 µm vs 12.5±1.1 µm for controls, 
p=0.004). The decrease was stronger for 67NR tumors 
(figure 6E–H). In line with this, ex vivo analysis of WGA 
stainings showed decreasing mean cell radii on day six 
(4T1: 2.6±0.2 µm vs 4.6±1.4 µm, p=0.07, 67NR: 4.3±0.6 µm 
vs 7.1±0.5 µm, p=0.004) and day nine (4T1: 2.5±0.4 µm 

Figure 4 OGSE- DWI is capable of detecting clodronate 
liposome- mediated depletion of macrophages. (A) T2- 
weighted and diffusion- weighted MR images (b=0.125 ms/
µm2, fOGSE=80 Hz) of 4T1 tumors after 6 days of clodronate 
liposome treatment compared with untreated controls. 
ROIs for IMPULSED- based cell size analysis are indicated 
with dashed white circles. (B) IMPULSED- derived cell 
radii (black) were significantly lower after treatment. 
Immunohistochemical WGA staining of cell membranes 
(gray) displayed a similar trend. Statistical significance was 
determined by Mann- Whitney U test (*p<0.05). Each dot 
indicates mean cell radius of one tumor. Horizontal lines 
represent group means. IMPULSED, Imaging Microstructural 
Parameters Using Limited Spectrally Edited Diffusion; OGSE- 
DWI, oscillating- gradient diffusion- weighted MRI; ROI, region 
of interest; WGA, wheat germ agglutinin.

Figure 5 Immunohistochemical analysis of clodronate 
liposome- mediated depletion of macrophages. (A, B) 
Representative clodronate liposome- treated 4T1 tumor 
sections compared with untreated controls after 3- channel 
stainings of nuclei (blue), F4/80 (violet, macrophages), and 
CD3 (green, T- cells) with correlating merged images. (C) 
Mean fluorescence intensity (MFI) of immunohistochemical 
CD3 and F4/80 expression revealed successful depletion of 
macrophages, along with an approximately constant content 
of T- cells after clodronate liposome treatment. Scale bars 
represent 50 µm. Each dot indicates mean MFI of one tumor. 
Horizontal lines represent group means.
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vs 3.4±0.4 µm, p=0.04, 67NR: 4.7±0.7 µm vs 8.5±0.4 µm, 
p=0.001) for both tumor models (figure 6E–H).

Cancer cells showed no substantial differences in size 
after ICI treatment (online supplemental figure 9); thus, 

changes in cancer cell size can be excluded as a cause for 
changes in IMPULSED- derived cell radii.

Immunohistochemical analysis revealed an increasing 
content of T- cells after ICI treatment in both tumor models 

Figure 6 OGSE- DWI enables early response assessment to ICI treatment. (A–D) T2- weighted and diffusion- weighted MR 
images (b=0.125 ms/µm2, fOGSE=80 Hz) of 4T1 and 67NR tumors after ICI treatment compared with untreated controls. ICI- 
treated tumors exhibited increasing necrosis, especially in the 4T1 model. ROIs for IMPULSED- based cell size analysis are 
indicated with dashed white circles. (E–H) IMPULSED- derived cell radii (black) were significantly lower after ICI treatment in 
both tumor models and at all time points. Stronger reductions in mean cell size after treatment were found in 67NR tumors. Ex 
vivo immunohistochemical WGA staining of cell membranes (gray) validated decreasing radii after treatment, showing more 
pronounced effects in 67NR tumors. Statistical significance was determined by two- sided t- tests or Mann- Whitney U tests, 
depending on normal distribution of data (*p<0.05, **p<0.01). Each dot indicates mean cell radius of one tumor. Horizontal 
lines represent group means. ICI, immune checkpoint inhibitor; IMPULSED, Imaging Microstructural Parameters Using Limited 
Spectrally Edited Diffusion; OGSE- DWI, oscillating- gradient diffusion- weighted MRI; WGA, wheat germ agglutinin.
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on day six (4T1: MFICD3=22.7 ± 2.2 a.u. vs 13.5±0.7 a.u. 
of untreated controls, p=0.003; 67NR: MFICD3=15.3 ± 
1.6 a.u. vs 0.8±0.2 a.u. of untreated controls, p=0.08) and 
day nine (4T1: MFICD3=31.1 ± 4.7 a.u. vs 16.2±1.1 a.u. of 
untreated controls, p=0.006; 67NR: MFICD3=24.7 ± 2.8 a.u. 
vs 0.8±0.2 a.u. of untreated controls, p=0.08), again with 
more pronounced effects in 67NR tumors (figure 7). 
Beyond T- cells and macrophages, no substantial changes 
in intratumoral granulocytes, natural killer cells or B- cells 
were observed after ICI treatment in both tumor models 
(online supplemental figure 10).

DISCUSSION
This study highlights the capability of non- invasive 
diffusion- weighted MRI to allow for distinct insights into 
the intratumoral immune cell infiltrate, by attributing 

changes and differences in mean cell sizes to the intratu-
moral T- cell and macrophage content. We have success-
fully applied sine- shaped OGSE- DWI to distinguish 
different cellular compositions of the TME, evaluating 
the effects of tumor progression, macrophage depletion, 
and ICI treatment on averaged cell sizes in murine breast 
cancer models with different degrees of malignancy.

The presented OGSE- DWI analysis was able to distin-
guish between cancer cells, T- cells, and macrophages 
using in vitro spheroid models of pure cells, detecting 
significantly smaller cell radii of T- cells and significantly 
larger cell radii of macrophages, compared with both 
cancer cell lines. The in vitro IMPULSED- derived radii 
were confirmed by WGA staining of cell membranes and 
are in line with those obtained previously by light micros-
copy.21 22 This wide range of detectable cells was enabled 
by implementation of sine- shaped diffusion gradient 
modulations. Without losing sensitivity for small cells, 
for example, T- cells, sine- shaped OGSE- DWI additionally 
allows detection of larger cells, including macrophages. 
Compared with other studies that used cosine- shaped 
gradient modulations and focused on the in vivo detec-
tion of small T- cells,24 our approach expands the analysis 
to macrophages, which enables a more comprehensive 
picture of the inflammatory TME. Despite not being able 
to make fully quantitative statements about the immune 
cell proportions, changes in mean IMPULSED- derived in 
vivo cell radii are attributable to either T- cell or macro-
phage infiltration into the TME. As OGSE- DWI can 
detect these changes in the immune cell infiltrate non- 
invasively, it provides a versatile tool for longitudinal in 
vivo assessment of disease progression and response to 
immunotherapies.

4T1 tumors showed decreasing IMPULSED- derived cell 
radii, which reflected the increasing proportion of T- cells 
during tumor progression. In contrast, 67NR tumors 
were characterized by an increasing number of macro-
phages during tumor progression with only minor influx 
of T- cells, which led to an increase in mean cell radii as 
assessed via the IMPULSED model. Thus, the presented 
imaging approach allowed for in vivo detection and 
discrimination of different inflammatory environments 
between tumors with divergent degrees of malignancy.

Clodronate- loaded liposomes cause a depletion of 
macrophages,32 here validated by strongly reduced MFI 
of F4/80 along with unaffected MFI of CD3. This modu-
lation of intratumoral myeloid cells was captured by 
decreasing IMPULSED- derived cell radii, also detectable 
by WGA staining. Thus, we demonstrated that OGSE- DWI 
is capable of detecting specific modulation of the intratu-
moral immune cell infiltrate, a prerequisite for assessing 
possible intratumoral changes under therapy.

ICI treatment, clinically established for the therapy 
of various solid tumors,33 was monitored 3 and 6 days 
after treatment initiation. In line with a previous study,24 
OGSE- DWI was able to detect decreasing mean cell 
radii, also displayed by WGA staining, and attributable 
to the therapy- induced infiltration of T- cells, captured 

Figure 7 Immunohistochemical analysis of the intratumoral 
immune cell infiltrate after ICI treatment. (A–D) Representative 
ICI- treated 4T1 tumor sections compared with untreated 
controls after 3- channel stainings of nuclei (blue), F4/80 
(violet, macrophages), and CD3 (green, T- cells) with 
correlating merged images. (E) Mean fluorescence intensity 
(MFI) of immunohistochemical CD3 and F4/80 expression 
in ICI- treated 4T1 tumors showed increasing intratumoral 
content of T- cells with slightly increasing content of 
macrophages on day six and day nine. (F–I) Representative 
ICI- treated 67NR tumor sections compared with untreated 
controls after 3- channel stainings of nuclei (blue), F4/80 
(violet, macrophages), and CD3 (green, T- cells) with 
correlating merged images. (J) Mean fluorescence intensity 
(MFI) of immunohistochemical CD3 and F4/80 expression 
in ICI- treated 67NR tumors showed excessive increase 
of intratumoral content of T- cells with slightly increasing 
content of macrophages on day six and day nine. Scale 
bars represent 50 µm. Each dot indicates mean MFI of one 
tumor. Horizontal lines represent group means. ICI, immune 
checkpoint inhibitor.
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in immunohistochemical analysis. The effect of infil-
trating T- cells on mean cell radii was more pronounced 
in 67NR tumors with an inherently low number of T- cells, 
compared with highly malignant 4T1 tumors. Thus, the 
presented imaging approach could not only show T- cell 
infiltration per se, but was also able to highlight differ-
ences between both tumor models.

The increased proportion of infiltrating T- cells into 
67NR tumors after ICI treatment may be a result of 
higher PD- 1 expression of 67NR tumors compared with 
4T1 tumors.34

Using the IMPULSED model, Jiang et al24 were able to 
detect T- cell infiltration after ICI therapy for the first time 
as proof- of- principle in a colorectal carcinoma model. In 
that study, decreasing IMPULSED- derived cell radii were 
detected only when the entire tumor volume was already 
slightly reduced compared with control groups. However, 
especially response assessment of tumors that do not 
initially decrease in size is urgently needed.35 36 In our 
study, ICI- treated 4T1 tumors exhibited excessive tumor 
necrosis and hemorrhage in their center with initially 
increasing tumor volumes, similar to the immunotherapy- 
induced findings frequently observed in the clinics. By 
assessing therapy- induced T- cell infiltration already 3 days 
after treatment initiation, OGSE- DWI allowed for early 
detection of response to immune checkpoint blockade, 
while tumor volumetry failed to indicate early treatment 
response. Thus, as response assessment of immunother-
apies is becoming increasingly challenging and is not 
adequately assessable with conventional morphological 
and volumetric analyses of tumor lesions,35 IMPULSED- 
derived changes in mean cell radii may serve as a future 
surrogate marker for treatment response. Potentially, 
OGSE- DWI could be used to distinguish pseudoprogres-
sion from true progression in the future.

While other imaging techniques need specific cell 
labeling to distinguish the infiltrating immune cell 
subtypes, OGSE- DWI is able to distinguish between 
different immune cell infiltrates—here, macrophages 
or T- cells—due to their sufficiently large size differences 
using only one single setup without the need of specific 
cell labeling. Cell labeling efficacy shows significant 
interindividual differences with heterogeneous uptake 
of labeling agents and spatially different label concen-
trations, often precluding precise cell tracking.37 As 
cell labeling might furthermore influence metabolism, 
proliferation, and migration of cells,38 39 OGSE- DWI’s 
non- invasive characteristics allow for a more consistent 
analysis of specific cell populations with different cell 
sizes, increasing its potential to be translated to clinical 
studies.

Despite the presented accuracy for detecting changes 
in the intratumoral immune cell infiltrate, OGSE- DWI 
is currently limited in some aspects by specificity, sensi-
tivity, and hardware. In contrast to cell labeling tech-
niques, OGSE- DWI is not able to distinguish between 
different subsets of macrophages or T- cells, for example, 
CD4+ or CD8+ T- cells, and therefore lacks cell specificity. 

Furthermore, a balanced increase of T- cells and macro-
phages is currently not detectable with OGSE- DWI, 
since it would not significantly affect the mean cell 
radius. Therefore, simultaneous monitoring of both 
individual immune cell populations is not possible. Even 
though recent studies of the intratumoral immune cell 
composition underline the roles of T- cells and macro-
phages as main players of the TME,1 2 in line with the 
immunohistochemical analysis obtained in this study, 
natural killer cells or granulocytes take up a smaller 
but still relevant part of the immune cell infiltrate.40 41 
The cell sizes of natural killer cells and granulocytes do 
not sufficiently differ from cancer cells,39 42 so infiltra-
tion of similarly sized immune cell types can currently 
not be investigated using OGSE- DWI. Because of rele-
vant interindividual tumor heterogeneity, OGSE- DWI 
applied as one measurement at a single time point does 
not allow for meaningful conclusions about the TME, 
but changes between two time points (eg, before and 
after therapy initiation) can be observed. IMPULSED- 
derived cell radii were compared with ex vivo cell radii 
measured after immunohistochemical WGA staining. 
Cell radii were generally lower in ex vivo measurements 
compared with in vivo imaging. This is most likely 
caused by cell shrinkage after paraffin- embedding of 
the tumors and the fact that the tissue slices for histo-
logical staining do not always pass through the center of 
the cells, leading to an underestimation of cell size.17 43 
Consequently, the cell sizes measured in vivo can not 
be directly assessed by ex vivo analysis, still, ex vivo cell 
radii displayed similar trends as IMPULSED- derived 
cell radii. Changes in IMPULSED- derived cell radii 
were attributed to changes in the immune cell infil-
trate, however, without being able to make quantitative 
statements. Next to these uncertainties in the ex vivo 
analysis, also the in vivo method might face some inac-
curacies. Using a single- slice approach for OGSE- DWI 
may have caused a possible loss of information on slice- 
adjacent tumor areas. However, slices were placed across 
the largest tumor diameter determined from multislice 
T2- weighted imaging, suggesting representative tumor 
areas. Since pixel- wise analysis is often accompanied by 
low signal- to- noise ratios (SNR); here, OGSE- DWI data 
were analyzed using an ROI- based approach to improve 
SNR and stabilize the fitting procedure. ROIs were 
placed in the viable tumor border to exclude central 
necrotic and hemorrhagic areas. As these central areas 
are characterized by dissolving cell structures and thus 
a weakly defined diffusion regime,44 the assumptions 
of the IMPULSED model are no longer fulfilled,13 17 45 
precluding precise determination of cell sizes in these 
areas. However, also within the viable tumor border 
the assumptions of the IMPULSED model are not 
perfectly fulfilled: In vivo cells, especially macrophages 
with their branches and pseudopod extensions, deviate 
from spherical shape and exchange between intracel-
lular and extracellular space cannot be excluded. The 
latter aspect has been considered in recent modeling, 
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but had only minor impact on cell radius calculation.46 
We therefore consider water exchange negligible in 
agreement with other previous studies.17 24 Recently, 
also deep learning- based methods have been applied 
for DWI- based biophysical modeling,47 which may 
further improve accuracy of IMPULSED- derived micro-
structural parameters, combined with highly reduced 
computation time.48

Difficulties of translation to human studies have already 
been discussed by Jiang et al,24 mainly revolving around 
hardware limitations with lower gradient strengths of 
clinical MR scanners compared with small animal MRI 
setups. However, Xu et al introduced a clinically feasible 
IMPULSED approach with modified gradient wave-
forms.23 In combination with the availability of advanced 
gradient systems, the presented ROI- based approach for 
analyzing OGSE- DWI data may improve translation to 
clinical studies, because higher SNR and exclusion of 
necrotic tumor areas improve the precision of cell size 
measurements.

In conclusion, we demonstrate that OGSE- DWI 
enables non- invasive monitoring of disease progression 
and response to immunotherapies. Beyond previously 
published techniques, this approach allows for detec-
tion of various immune cell populations of different size, 
allowing to discriminate lymphocytes from myeloid cells. 
Alteration of cellular compositions manifest in changes 
in IMPULSED- derived mean cell radii, which are attrib-
utable to the infiltration of T- cells or macrophages into 
the TME.

Author affiliations
1Clinic of Radiology, University of Münster, Münster, Germany
2Institute of Physiological Chemistry and Pathobiochemistry, University of Münster, 
Münster, Germany
3Department of Internal Medicine II, Heart Center Bonn, University Hospital Bonn, 
Bonn, Germany
4Department of Radiology, Ludwig- Maximilians- Universität München, Munich, 
Germany
5Institute of Immunology, University of Münster, Münster, Germany

Twitter Cornelius Faber @CorneliusFaber

Acknowledgements We thank Claudia Terwesten- Solé, Alletta Schmidt- Hederich, 
Florian Breuer, Klaudia Niepagenkemper, and Richard Holtmeier for excellent 
technical support.

Contributors MW and CF conceived the original idea of the study. EH, MG, MW,and 
CF contributed to the conception and design of the study. EH, MG, RN, and BM 
conducted MRI experiments. SN, JAE, PB, and TV carried out spheroid formation. 
CG optimized animal handling. SN performed immunohistochemical stainings and 
microscopy. RN, LW, EW, VH, BM, and CF developed software for IMPULSED analysis. 
EH and RN performed data analysis. EH, MG, MM, CH, BM, AH, and MW contributed 
to data interpretation. EH and RS performed statistical analysis. WLH, AH, MW, and 
CF supervised the study. EH, BM, MW, and CF wrote the initial manuscript. EH is 
acting as guarantor. All authors contributed to reviewing and editing the manuscript. 
EH and MG are joint first authors.

Funding This study was supported by the German Research Foundation (DFG, 
GE 3336/1- 1, grant no. 446302350; SFB1009- A09, -B08, and -Z02, grant no. 
194468054), the Interdisciplinary Center for Clinical Research Münster (PIX), and 
the Medical Faculty of the University of Münster (MedK fellowship to EH).

Competing interests None declared.

Patient consent for publication Not applicable.

Ethics approval Not applicable.

Provenance and peer review Not commissioned; externally peer reviewed.

Data availability statement Data are available upon reasonable request. The 
datasets generated during and/or analyzed during the current study are available 
from the corresponding author on reasonable request.

Supplemental material This content has been supplied by the author(s). It has 
not been vetted by BMJ Publishing Group Limited (BMJ) and may not have been 
peer- reviewed. Any opinions or recommendations discussed are solely those 
of the author(s) and are not endorsed by BMJ. BMJ disclaims all liability and 
responsibility arising from any reliance placed on the content. Where the content 
includes any translated material, BMJ does not warrant the accuracy and reliability 
of the translations (including but not limited to local regulations, clinical guidelines, 
terminology, drug names and drug dosages), and is not responsible for any error 
and/or omissions arising from translation and adaptation or otherwise.

Open access This is an open access article distributed in accordance with the 
Creative Commons Attribution Non Commercial (CC BY- NC 4.0) license, which 
permits others to distribute, remix, adapt, build upon this work non- commercially, 
and license their derivative works on different terms, provided the original work is 
properly cited, appropriate credit is given, any changes made indicated, and the use 
is non- commercial. See http://creativecommons.org/licenses/by-nc/4.0/.

ORCID iDs
Emily Hoffmann http://orcid.org/0000-0002-0958-6699
Stephan Niland http://orcid.org/0000-0002-2055-8656
Cornelius Faber http://orcid.org/0000-0001-7683-7710

REFERENCES
 1 Giraldo NA, Sanchez- Salas R, Peske JD, et al. The clinical role of the 

Tme in solid cancer. Br J Cancer 2019;120:45–53. 
 2 Salemme V, Centonze G, Cavallo F, et al. The crosstalk between 

tumor cells and the immune microenvironment in breast cancer: 
implications for immunotherapy. Front Oncol 2021;11:610303. 

 3 Heinrich EL, Walser TC, Krysan K, et al. The inflammatory tumor 
microenvironment, epithelial mesenchymal transition and lung 
carcinogenesis. Cancer Microenviron 2012;5:5–18. 

 4 García- Martínez E, Gil GL, Benito AC, et al. Tumor- infiltrating immune 
cell profiles and their change after neoadjuvant chemotherapy 
predict response and prognosis of breast cancer. Breast Cancer Res 
2014;16:488. 

 5 Shen L, Zhou Y, He H, et al. Crosstalk between macrophages, T 
cells, and iron metabolism in tumor microenvironment. Oxid Med Cell 
Longev 2021;2021:8865791. 

 6 Wang S, Zhang Q, Yu C, et al. Immune cell infiltration- based 
signature for prognosis and immunogenomic analysis in breast 
cancer. Brief Bioinform 2021;22:2020–31. 

 7 Zeelen C, Paus C, Draper D, et al. In- Vivo imaging of tumor- 
infiltrating immune cells: implications for cancer immunotherapy. Q J 
Nucl Med Mol Imaging 2018;62:56–77. 

 8 Hussain T, Nguyen QT. Molecular imaging for cancer diagnosis and 
surgery. Adv Drug Deliv Rev 2014;66:90–100. 

 9 Le Bihan D, Breton E, Lallemand D, et al. Mr imaging of intravoxel 
incoherent motions: application to diffusion and perfusion in 
neurologic disorders. Radiology 1986;161:401–7. 

 10 Le Bihan D. Looking into the functional architecture of the brain with 
diffusion MRI. Nat Rev Neurosci 2003;4:469–80. 

 11 Kiselev VG. Fundamentals of diffusion MRI physics. NMR Biomed 
2017;30:nbm.3602. 

 12 Colvin DC, Yankeelov TE, Does MD, et al. New insights into tumor 
microstructure using temporal diffusion spectroscopy. Cancer Res 
2008;68:5941–7. 

 13 Does MD, Parsons EC, Gore JC. Oscillating gradient measurements 
of water diffusion in normal and globally ischemic rat brain. Magn 
Reson Med 2003;49:206–15. 

 14 Novikov DS, Fieremans E, Jespersen SN, et al. Quantifying brain 
microstructure with diffusion MRI: theory and parameter estimation. 
NMR Biomed 2019;32:e3998. 

 15 Topgaard D. Multidimensional diffusion MRI. J Magn Reson 
2017;275:98–113. 

 16 Shemesh N, Álvarez GA, Frydman L. Measuring small compartment 
dimensions by probing diffusion dynamics via non- uniform 
oscillating- gradient spin- echo (NOGSE) NMR. J Magn Reson 
2013;237:49–62. 

 17 Jiang X, Li H, Xie J, et al. In vivo imaging of cancer cell size and 
cellularity using temporal diffusion spectroscopy. Magn Reson Med 
2017;78:156–64. 

 on M
ay 22, 2023 by guest. P

rotected by copyright.
http://jitc.bm

j.com
/

J Im
m

unother C
ancer: first published as 10.1136/jitc-2022-006092 on 14 M

arch 2023. D
ow

nloaded from
 

https://twitter.com/CorneliusFaber
http://creativecommons.org/licenses/by-nc/4.0/
http://orcid.org/0000-0002-0958-6699
http://orcid.org/0000-0002-2055-8656
http://orcid.org/0000-0001-7683-7710
http://dx.doi.org/10.1038/s41416-018-0327-z
http://dx.doi.org/10.3389/fonc.2021.610303
http://dx.doi.org/10.1007/s12307-011-0089-0
http://dx.doi.org/10.1186/s13058-014-0488-5
http://dx.doi.org/10.1155/2021/8865791
http://dx.doi.org/10.1155/2021/8865791
http://dx.doi.org/10.1093/bib/bbaa026
http://dx.doi.org/10.23736/S1824-4785.17.03052-7
http://dx.doi.org/10.23736/S1824-4785.17.03052-7
http://dx.doi.org/10.1016/j.addr.2013.09.007
http://dx.doi.org/10.1148/radiology.161.2.3763909
http://dx.doi.org/10.1038/nrn1119
http://dx.doi.org/10.1002/nbm.3602
http://dx.doi.org/10.1158/0008-5472.CAN-08-0832
http://dx.doi.org/10.1002/mrm.10385
http://dx.doi.org/10.1002/mrm.10385
http://dx.doi.org/10.1002/nbm.3998
http://dx.doi.org/10.1016/j.jmr.2016.12.007
http://dx.doi.org/10.1016/j.jmr.2013.09.009
http://dx.doi.org/10.1002/mrm.26356
http://jitc.bmj.com/


12 Hoffmann E, et al. J Immunother Cancer 2023;11:e006092. doi:10.1136/jitc-2022-006092

Open access 

 18 Reynaud O. Time- Dependent diffusion MRI in cancer: tissue 
modeling and applications. Front Phys 2017;5:58. 

 19 Connolly S, McGourty K, Newport D. The in vitro inertial positions 
and viability of cells in suspension under different in vivo flow 
conditions. Sci Rep 2020;10:1711. 

 20 Shashni B, Ariyasu S, Takeda R, et al. Size- Based differentiation of 
cancer and normal cells by a particle size analyzer assisted by a cell- 
recognition PC software. Biol Pharm Bull 2018;41:487–503. 

 21 Tasnim H, Fricke GM, Byrum JR, et al. Quantitative measurement of 
naïve T cell association with dendritic cells, FRCS, and blood vessels 
in lymph nodes. Front Immunol 2018;9:1571. 

 22 Guertin DA, Sabatini DM. Cell size control. In: ELS. John Wiley & 
Sons, 2006. 

 23 Xu J, Jiang X, Li H, et al. Magnetic resonance imaging of mean cell 
size in human breast tumors. Magn Reson Med 2020;83:2002–14. 

 24 Jiang X, Dudzinski S, Beckermann KE, et al. Mri of tumor T cell 
infiltration in response to checkpoint inhibitor therapy. J Immunother 
Cancer 2020;8:e000328. 

 25 Helfen A, Große Hokamp N, Geyer C, et al. Target- Specific imaging 
of cathepsin and S100A8/A9 reflects specific features of malignancy 
and enables estimation of tumor malignancy. Mol Imaging Biol 
2020;22:66–72. 

 26 Cavaco ACM, Eble JA. A 3D spheroid model as A more physiological 
system for cancer- associated fibroblasts differentiation and invasion 
in vitro studies. J Vis Exp 2019. 10.3791/60122 [Epub ahead of print 
8 Aug 2019].

 27 Harjunpää H, Llort Asens M, Guenther C, et al. Cell adhesion 
molecules and their roles and regulation in the immune and tumor 
microenvironment. Front Immunol 2019;10:1078. 

 28 Aniansson Zdolsek H, Ernerudh J, Holt PG, et al. Expression of the T- 
cell markers CD3, CD4 and CD8 in healthy and atopic children during 
the first 18 months of life. Int Arch Allergy Immunol 1999;119:6–12. 

 29 Dos Anjos Cassado A. F4/80 as a major macrophage marker: 
the case of the peritoneum and spleen. Results Probl Cell Differ 
2017;62:161–79. 

 30 Shihan MH, Novo SG, Le Marchand SJ, et al. A simple method for 
quantitating confocal fluorescent images. Biochem Biophys Rep 
2021;25:100916. 

 31 Gerwing M, Hoffmann E, Kronenberg K, et al. Multiparametric MRI 
enables for differentiation of different degrees of malignancy in two 
murine models of breast cancer. Front Oncol 2022;12:1000036. 

 32 van Rooijen N, van Kesteren- Hendrikx E. Clodronate liposomes: 
perspectives in research and therapeutics. J Liposome Res 
2002;12:81–94. 

 33 Robert C. A decade of immune- checkpoint inhibitors in cancer 
therapy. Nat Commun 2020;11:3801. 

 34 Brockwell NK, Owen KL, Zanker D, et al. Neoadjuvant interferons: 
critical for effective PD- 1- based immunotherapy in TNBC. Cancer 
Immunol Res 2017;5:871–84. 

 35 Gerwing M, Herrmann K, Helfen A, et al. The beginning of the end 
for conventional RECIST- novel therapies require novel imaging 
approaches. Nat Rev Clin Oncol 2019;16:442–58. 

 36 Liu J, Wang Y, Yuan S, et al. Construction of an immune cell 
infiltration score to evaluate the prognosis and therapeutic efficacy of 
ovarian cancer patients. Front Immunol 2021;12:751594. 

 37 Schittler D, Allgöwer F, De Boer RJ. A new model to simulate and 
analyze proliferating cell populations in brdu labeling experiments. 
BMC Syst Biol 2013;7 Suppl 1:S4. 

 38 Choi SW, Cho Y- W, Kim JG, et al. Effect of cell labeling on the 
function of human pluripotent stem cell- derived cardiomyocytes. Int 
J Stem Cells 2020;13:287–94. 

 39 Han S- S, Lee D- E, Shim H- E, et al. Physiological effects of 
ac4mannaz and optimization of metabolic labeling for cell tracking. 
Theranostics 2017;7:1164–76. 

 40 Wu S- Y, Fu T, Jiang Y- Z, et al. Natural killer cells in cancer biology 
and therapy. Mol Cancer 2020;19:120. 

 41 Soto- Perez- de- Celis E, Chavarri- Guerra Y, Leon- Rodriguez E, et al. 
Tumor- Associated neutrophils in breast cancer subtypes. Asian Pac J 
Cancer Prev 2017;18:2689–93. 

 42 Paananen A, Mikkola R, Sareneva T, et al. Inhibition of human NK cell 
function by valinomycin, a toxin from Streptomyces griseus in indoor 
air. Infect Immun 2000;68:165–9. 

 43 Schneider JP, Ochs M. Alterations of mouse lung tissue dimensions 
during processing for morphometry: a comparison of methods. Am J 
Physiol Lung Cell Mol Physiol 2014;306:L341–50. 

 44 Vanden Berghe T, Vanlangenakker N, Parthoens E, et al. Necroptosis, 
necrosis and secondary necrosis converge on similar cellular 
disintegration features. Cell Death Differ 2010;17:922–30. 

 45 Xu J, Does MD, Gore JC. Quantitative characterization of tissue 
microstructure with temporal diffusion spectroscopy. J Magn Reson 
2009;200:189–97. 

 46 Jiang X, Devan SP, Xie J, et al. Improving Mr cell size imaging 
by inclusion of transcytolemmal water exchange. NMR Biomed 
2022;35:e4799. 

 47 Wu J, Kang T, Lan X, et al. IMPULSED model based cytological 
feature estimation with U- net: application to human brain tumor at 
3T. Magn Reson Med 2023;89:411–22. 

 48 Diao Y, Jelescu I. Parameter estimation for WMTI- watson model of 
white matter using encoder- decoder recurrent neural network. Magn 
Reson Med 2023;89:1193–206. 

 on M
ay 22, 2023 by guest. P

rotected by copyright.
http://jitc.bm

j.com
/

J Im
m

unother C
ancer: first published as 10.1136/jitc-2022-006092 on 14 M

arch 2023. D
ow

nloaded from
 

http://dx.doi.org/10.3389/fphy.2017.00058
http://dx.doi.org/10.1038/s41598-020-58161-w
http://dx.doi.org/10.1248/bpb.b17-00776
http://dx.doi.org/10.3389/fimmu.2018.01571
http://dx.doi.org/10.1038/npg.els.0003359
http://dx.doi.org/10.1002/mrm.28056
http://dx.doi.org/10.1136/jitc-2019-000328
http://dx.doi.org/10.1136/jitc-2019-000328
http://dx.doi.org/10.1007/s11307-019-01370-1
http://dx.doi.org/10.3791/60122
http://dx.doi.org/10.3389/fimmu.2019.01078
http://dx.doi.org/10.1159/000024169
http://dx.doi.org/10.1007/978-3-319-54090-0_7
http://dx.doi.org/10.1016/j.bbrep.2021.100916
http://dx.doi.org/10.3389/fonc.2022.1000036
http://dx.doi.org/10.1081/lpr-120004780
http://dx.doi.org/10.1038/s41467-020-17670-y
http://dx.doi.org/10.1158/2326-6066.CIR-17-0150
http://dx.doi.org/10.1158/2326-6066.CIR-17-0150
http://dx.doi.org/10.1038/s41571-019-0169-5
http://dx.doi.org/10.3389/fimmu.2021.751594
http://dx.doi.org/10.1186/1752-0509-7-S1-S4
http://dx.doi.org/10.15283/ijsc19138
http://dx.doi.org/10.15283/ijsc19138
http://dx.doi.org/10.7150/thno.17711
http://dx.doi.org/10.1186/s12943-020-01238-x
http://dx.doi.org/10.22034/APJCP.2017.18.10.2689
http://dx.doi.org/10.22034/APJCP.2017.18.10.2689
http://dx.doi.org/10.1128/IAI.68.1.165-169.2000
http://dx.doi.org/10.1152/ajplung.00329.2013
http://dx.doi.org/10.1152/ajplung.00329.2013
http://dx.doi.org/10.1038/cdd.2009.184
http://dx.doi.org/10.1016/j.jmr.2009.06.022
http://dx.doi.org/10.1002/nbm.4799
http://dx.doi.org/10.1002/mrm.29429
http://dx.doi.org/10.1002/mrm.29495
http://dx.doi.org/10.1002/mrm.29495
http://jitc.bmj.com/


Supplementary material: Profiling specific cell populations within the inflammatory 

tumor microenvironment by oscillating-gradient diffusion-weighted MRI 

Emily Hoffmann, Mirjam Gerwing, Stephan Niland, Rolf Niehoff, Max Masthoff, Christiane Geyer, Lydia 

Wachsmuth, Enrica Wilken, Carsten Höltke, Walter L. Heindel, Verena Hoerr, Regina Schinner, Philipp Berger, 

Thomas Vogl, Johannes A. Eble, Bastian Maus, Anne Helfen, Moritz Wildgruber, Cornelius Faber 

Table of Content 

Suppl. Method 1: Cell culture conditions and T-cell isolation. 

Suppl. Method 2: In vitro spheroid formation. 

Suppl. Method 3: IMPULSED-based cell size analysis. 

Suppl. Method 4: Wheat germ agglutinin staining. 

Suppl. Method 5: Immunohistochemical staining of the intratumoral immune cell infiltrate. 

Suppl. Figure 1: Experimental outline. 

Suppl. Figure 2:  Immunohistochemical WGA staining of cell membranes to validate MRI data. 

Suppl. Figure 3: Representative examples of PGSE and sine-OGSE signal decays for in vitro measurements of 

different cell types. 

Suppl. Figure 4: Theoretical signal attenuation in PGSE and OGSE experiments according to the IMPULSED 

model. 

Suppl. Figure 5: Impact of fixed Din on cell radius calculation. 

Suppl. Figure 6: Impact of estimated vin and Dex on cell radius calculation. 

Suppl. Figure 7: Analysis of IMPULSED-derived parameters.  

Suppl. Figure 8: IMPULSED-derived cell radii within necrotic tumor areas. 

Suppl. Figure 9: Histology-derived cancer cell radii. 

Suppl. Figure 10: Immunohistochemical analysis of intratumoral granulocytes, natural killer cells and B-cells. 

Suppl. Figure 11: Complete cross-sections of CD3 and F4/80 co-stained tumors. 

Suppl. Table 1: Constraints used for the IMPULSED model fitting. 

Suppl. Table 2: Descriptive statistics of in vitro spheroid experiments.  

Suppl. Table 3: Analysis of statistical significance of in vitro experiments.  

Suppl. Table 4: Descriptive statistics of all in vivo experiments. 

Suppl. Table 5: Analysis of statistical significance of longitudinal in vivo data during tumor progression. 

BMJ Publishing Group Limited (BMJ) disclaims all liability and responsibility arising from any reliance
Supplemental material placed on this supplemental material which has been supplied by the author(s) J Immunother Cancer

 doi: 10.1136/jitc-2022-006092:e006092. 11 2023;J Immunother Cancer, et al. Hoffmann E



 

 

 2 

Suppl. Table 6: Spearman correlation analysis between cell radii and day of tumor growth for longitudinal in vivo 

data. 

Suppl. Table 7: Analysis of statistical significance of in vivo therapy data (clodronate, ICI). 
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Supplementary Method 1: Cell culture conditions and T-cell isolation. 

Culture conditions were 37°C, 5% CO2, and 100% humidity. 4T1 and 67NR cancer cells were cultured in 

Dulbecco’s modified Eagle’s medium (DMEM, Thermo Fisher Scientific, Waltham, Massachusetts, USA), 

supplemented with 10% fetal calf serum. ER-HoxB8 monocytes were cultured in RPMI 1640 medium (Sigma-

Aldrich, Burlington, USA), supplemented with 10% fetal calf serum, 1% penicillin (10 kU/mL) / streptomycin 

(10 mg/mL), and 1% L-glutamine, containing 40 µg/L recombinant GM-CSF as well as 1 µM β-estradiol. 

Differentiation to HoxB8 macrophages was induced by removing β-estradiol from the cell culture medium for 

five consecutive days[1]. T-cells were isolated from spleens of C57BL/6 mice. As previously published[2], T-

cell purification and further enrichment were conducted by passing spleen cell suspensions through a nylon wool 

matrix column, followed by subsequent resuspension in different antibody cocktails for depletion of non T-cells. 

Isolated T-cells were cultured in RPMI 1640 medium (Sigma-Aldrich), supplemented with 10% fetal calf serum, 

1% penicillin (10 kU/mL) / streptomycin (10 mg/mL), 1% L-glutamine, 1% sodium pyruvate, and 1% 

hydroxyethyl piperazineethanesulfonic acid (HEPES, Thermo Fisher Scientific). 

 

Supplementary Method 2: In vitro spheroid formation. 

6000 cells per well were seeded in 96-well U-bottom plates (650101, Greiner Bio-One, Frickenhausen, 

Germany), resuspended in 100 µL spheroid formation solution containing 80% cell culture medium and 20% 

(w/v) methylcellulose (Sigma-Aldrich) in DMEM. To allow spheroid formation, cells were incubated in a 

humidified atmosphere containing 5% CO2 at 37°C for five days. On day five, spheroids were harvested with 

clipped pipet tips, washed gently by sedimentation, and prepared for MR imaging and immunohistochemical 

analysis. For MR imaging, spheroids were resuspended at 37°C in 200 µL 2% (w/v) plaque agarose (Biozym 

Scientific, Hessisch Oldendorf, Germany) in cell culture medium and transferred to a pre-warmed 500 µL tube 

containing a bottom layer of solidified 200 µL 2% agarose (Biozym Scientific). The spheroids were allowed to 

sediment to the agarose/plaque agarose interphase for 15 min at 37 °C, before the plaque agarose was solidified 

by cooling (Fig. 1b). 
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Supplementary Method 3: IMPULSED-based cell size analysis. 

Signal intensities of diffusion-weighted images decline with increased diffusion weighting – signified through b-

values – and increasing oscillating frequencies[3] (Suppl. Fig. 3). Multiparametric fitting based on a geometric 

model allows for extraction of a number of geometric and physical parameters. The IMPULSED model assumes 

a geometry of densely packed impermeable, spherical cells, which perfectly reproduces the situation in 

spheroids, and to a lesser extent in the investigated tumors in vivo. Using these geometrical assumptions, signal 

equations have been derived previously, depending on the shape of the applied diffusion encoding gradients 

(Suppl. Fig. 4)[4,5]. Different gradient shapes provide different sensitivity for particular sizes and shapes. While 

IMPULSED has previously been used with cosine-shaped gradients to separate cell sizes below 10 µm, we used 

sine-shaped gradients to become sensitive for cell radii up to 15 µm (Suppl Fig. 4). The IMPULSED model is 

dependent on five parameters: intracellular volume fraction vin, intracellular diffusion coefficient Din, 

extracellular diffusion coefficient Dex, the extracellular signal attenuation βex, and the (cell) radius r[3,4,6]. As 

has been shown previously[7], fitting of five parameters may lead to large variance in the results, and it is 

advantageous to fix at least one parameter. Since the quotient  
𝐷𝑖𝑛𝑟2   is a factor in all terms of the signal equations, 

fitting results of Din have a pronounced impact on the result of r. We have assessed the impact of Din, by 

modelling the signal for different cell radii, and observed that too small values of Din result in large variance and 

overestimation of the radius, while the impact of too large values of Din had only minor impact on the obtained 

radii (Suppl. Fig. 5). Therefore, similar to previous studies[7], Din was set to a fixed value: 1.5 µm2/ms for in 

vitro imaging and 1.1 µm2/ms for in vivo imaging. Limits of the remaining four parameters were set according to 

literature references (Suppl. Tab. 1)[7]. The impact of the IMPULSED-derived parameters Dex and vin on cell 

radius calculation are presented in Suppl. Figure 6. Parameters were fit in Matlab (The MathWorks, Natick, 

Massachusetts, USA) using a Least-Square approach (lsqcurvefit function with trust region reflective algorithm, 

implemented in Matlab). As stopping criteria, function and optimality tolerances were set to 10-6. To ensure the 

global minimum was reached, fitting was done with 250 randomly generated starting points, and the analyses 

corresponding to the smallest fitting residual were chosen as the results. Per ROI fitting was performed 10 times 

with the mean being the final result. Cell sizes were calculated as averages for manually selected ROIs, placed in 

diffusion-weighted images. Signal intensities were averaged for each ROI, repeated for all gradient directions. 

The ROI signal intensities of DWIs were normalized to the signal intensity in the ROI of the b0 image (no 

diffusion weighting, signal intensity = 1), revealing the relative signal attenuation in DWI due to hindered 

diffusion. Next to cell radius r, detailed analyses of the other IMPULSED-derived parameters are presented in 
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Suppl. Figure 7. Specificity of the imaging approach to the viable tumor border and rationale for excluding 

necrotic tumor areas are presented in Suppl. Figure 8. 

 

Supplementary Method 4: Wheat germ agglutinin staining. 

For membrane staining[8,9] of spheroid-forming cells, spheroids were incubated with TRITC-labeled WGA 

(W849, Thermo Fisher Scientific) at a dilution of 1:200 (v/v) in Dulbecco’s phosphate-buffered saline (DPBS, 

14200-067, Thermo Fisher Scientific) for 120 min at room temperature, followed by staining with 20 μM 

Hoechst 33342 Dye (62249, Thermo Fisher Scientific) for 5 min. After deparaffinization and rehydration of 

tumor sections, the same protocol was conducted for membrane staining of tumor cells.  

In order to exclude that changes in mean cancer cell radii dominate the changes in IMPULSED-derived cell 

radii, on a separate set of tumor slices, co-staining of WGA and cadherin (E-cadherin for 4T1 tumors, N-

cadherin for 67NR tumors) was performed. Since immune cells do not sufficiently express cadherins, this co-

staining enabled exclusive measurement of cancer cell radii. After incubation with TRITC-labeled WGA as 

described above and washing the slides three times with PBS, they were incubated with primary antibodies 

against E-cadherin (4T1, rabbit, 701134, Invitrogen, Massachusetts, USA) or N-cadherin (67NR, rabbit, 

ab18203, abcam, Cambridge, UK), at a dilution of 1:100 in blocking buffer in a humidified chamber overnight at 

4°C. After washing the slides for another three times with PBS, they were incubated for 90 minutes at room 

temperature with anti-rabbit Alexa Fluor 488 (ab2536097, Thermo Fisher Scientific), at a dilution of 1:500. 

Nuclei were stained with 20 µM Hoechst 3342 dye (62249, Thermo Fisher Scientific) for 5 minutes at room 

temperature, followed by washing the slides two times with PBS again. 

 

Supplementary Method 5: Immunohistochemical staining of the intratumoral immune cell infiltrate. 

CD3 and F4/80 co-staining: Tumor sections were deparaffinized, rehydrated, and incubated in blocking buffer 

(2% horse serum and 0.1% fetal calf serum in phosphate-buffered saline, PBS) for 60 minutes at room 

temperature. Subsequently, the sections were incubated in a humidified chamber overnight at 4°C with primary 

antibodies against CD3 (rabbit, ab16669, abcam) and against F4/80 (rat, BM4007S, Origene, Rockville, 

Maryland, USA), each at 1:100 dilution in blocking buffer. After washing the slides three times with PBS, they 

were incubated for 90 minutes at room temperature with anti-rat Alexa Fluor 647 (ab2535875, Thermo Fisher 

Scientific) and anti-rabbit Alexa Fluor 488 (ab2536097, Thermo Fisher Scientific), each at a dilution of 1:500. 

Finally, the sections were washed with PBS, stained with 20 μM Hoechst 33342 dye (62249, Thermo Fisher 

Scientific) for 5 minutes at room temperature, followed by three more washing steps with PBS. 
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Ly6G, CD49b or CD45R staining: Tumor sections were deparaffinized, rehydrated, and incubated in blocking 

buffer for 45 minutes at room temperature. Subsequently, the sections were incubated in a humidified chamber 

overnight at 4°C with primary antibodies against either Ly6G (rat, 127602, Biolegend, San Diego, California, 

USA), CD49b (rat, 108902, Biolegend) or CD45R (rat, 553084, BD Biosciences, Franklin Lakes, New Jersey, 

USA), each at 1:100 dilution in blocking buffer. After washing the slides three times with PBS, all slides were 

incubated for 60 minutes at room temperature with anti-rat Alexa Fluor 594 (a21209, Invitrogen) at a dilution of 

1:500. Finally, the sections were washed with PBS twice, stained with 20 μM Hoechst 33342 dye (Thermo 

Fisher Scientific) for 5 minutes at room temperature, followed by two more washing steps with PBS. 
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Suppl. Figure 1: Experimental outline. 

a In vitro experiments. Spheroids, consisting of either pure 4T1 or 67NR cancer cells, macrophages or T-cells, were either 

embedded in agarose gel with subsequent OGSE-DWI and IMPULSED-based analysis of mean cell radii or were snap-frozen 

and prepared for WGA staining of cell membranes and manual measurements of cell radii. b In vivo experiments. 106 4T1 or 

67NR cancer cells were implanted orthotopically into the mammary fat pad of BALB/c mice. After treatment, according to 

their group affiliation (tumor progression, clodronate-loaded liposome treatment, ICI treatment), OGSE-DWI was conducted, 

followed by IMPULSED-based analysis of mean cell radii. After the MRI scans, mice were sacrificed and tumors were 

prepared for immunohistochemical analysis. While WGA staining of cell membranes enabled manual measurements of cell 

radii, CD3 and F4/80 co-stainings analyzed the intratumoral immune cell content. Created using Biorender.com. 
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Suppl. Figure 2: Immunohistochemical WGA staining of cell membranes to validate MRI data. 

a-c Representative images of a 4T1 tumor spheroid after WGA staining of cell membranes (red, a) and Hoechst staining of 

nuclei (blue, b) with corresponding merged image (c). Exemplary manual measurements of cell diameters are indicated with 

dotted lines in the insert (a). At least n = 500 cells were measured per spheroid, using at least five different spheroids. Scale 

bars indicate 20 µm. d-f Representative images of a nine-days-old 4T1 tumor after WGA staining of cell membranes (red, d) 

and Hoechst staining of nuclei (blue, e) with corresponding merged image (f). Exemplary manual measurements of cell 

diameters are indicated with dotted lines in the insert (d). At least n = 1000 cells were measured per tumor, using three different 

tumors. Scale bars indicate 10 µm. 
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Suppl. Figure 3: Representative examples of PGSE and sine-OGSE signal decays for in vitro measurements of different 

cell types. 

Individual b-value-dependent signal intensities of PGSE, and OGSE with 50 Hz and 100 Hz modulation are shown for 

spheroids of the investigated tumor cell lines (67NR, 4T1) and immune cells (macrophages, T-cells). Data points show 

individual values obtained for each of the three gradient directions, which were averaged to perform fitting (lines) using 

equations [1] and [3] (see Suppl. Fig. 4). 
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Suppl. Figure 4: Theoretical signal attenuation in PGSE and OGSE experiments according to the IMPULSED model. 

The IMPULSED model assumes impermeable, densely-packed, spherical cells of radius r. a From these geometric constraints, 

terms for intracellular signal attenuation in in PGSE, cosine-OGSE and sine-OGSE have been derived as equations [1] to [3] 

[Ref. 4,6]. Here, 𝐵𝑛 and 𝜆𝑛 are structure-dependent coefficients, for IMPULSED with 𝜇𝑛 as the nth root of 𝜇𝐽3 2⁄′ (𝜇) −12 𝐽3 2⁄ (𝜇) = 0. Furthermore, 𝛾 is the gyromagnetic ratio, Din the intracellular diffusion coefficient, 𝑔 is the gradient amplitude, 𝜔 the diffusion gradient angular frequency (𝜔 relates to the sine/cosine frequency f by 𝜔 = 2πf), δ the gradient duration, and Δ the separation of two diffusion gradients in the Stejskal-Tanner DWI scheme. b Plotting the PGSE signal equation as function 

of the cell radius shows that such measurements are most sensitive for differences in cell radius between 5 and 10 µm 

(maximum slope). c, d Plotting the OGSE signal equations as function of gradient frequency for different cell radii shows that 

such measurements are sensitive for smaller cell radii in the experimentally feasible frequency range of f >> 10 Hz. While 

cosine-OGSE can best discriminate radii between 3 and 10 µm with f >> 10 Hz, sine-OGSE additionally shows separation of 

the curves for r > 10 µm. We therefore used sine-OGSE to better discriminate a wider range of cell radii, including large radii 

of up to 15 µm, without substantial loss of sensitivity for small radii. 
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Suppl. Figure 5: Impact of fixed Din on cell radius calculation. 

The quality of multiparametric fitting for calculation of cell radii using the IMPULSED model has been previously shown to 

improve substantially when fixing Din [Ref. 7]. To verify the impact of fixing Din on cell radius calculations, artificially 

calculated ground truth signal data were used as input data for our fitting procedure. Ground truth signal data were obtained 

from the signal equations for PGSE and sine-OGSE (Eqs. 1 and 3 in Suppl. Fig. 4) using Din = 1.1 µm²/ms; Dex = 1.9 µm²/ms; 

 = 20 ms;  = 25 ms; βex = 5 µm²; vin = 0.7. Gradient frequencies (0, 50, 100, 150, and 200 Hz) and b-values were used as in 

the experiments, described in the methods section. The ground truth cell radius was set to 8 µm (dotted horizontal lines). 

Gaussian noise of 4% adjusted to the signal intensity (SI) was added to the calculated signal (SIn(b) = SIi(b) ± 0.04*randn) 

with randn being a randomly generated number drawn from the standard normal distribution, SI i the calculated signal from 

fixed input parameters, and SIn the noise adjusted signal). For fitting, Din was fixed to values of (0.2, 0.5, 0.8, 1.1, 1.4. 1.7, 2.0, 

2.3) µm²/ms. For every value of Din, fitting was performed five times for each of the five gradient frequencies, resulting in 25 

values for the cell radius. These 25 values make up one box in a. Bars indicate medians, crosses means, and boxes second and 

third quartiles. To assess the impact of noise on the fitting results, the calculation of SIn was repeated three times (runs). Mean 

cell radii of the three runs with different noise are shown as individual points in b with horizontal bars indicating their mean. 

The simulations showed that assumption of more restricted intracellular diffusion (Din < 1.1 µm²/ms) resulted in large variations 

of the fitting results, with a general overestimation of cell sizes. For largely underestimated Din fitting was not successful as 

cell radii reached the boundary value of 30 µm. Setting Din to higher values than 1.1 µm²/ms had only minor effect on the mean 

fitting results, and especially mean calculated radii (horizontal bars in b) closely reproduced the ground truth of a radius of 8 

µm. 

From these results and in line with literature findings [Ref. 7], we concluded that fixing Din in the simulations allows for 

obtaining reliable results, as long as Din is not set to values smaller than ground truth. In a previous study [Ref. 10], we have 

observed maximum mean ADC values of 1.1 µm2/ms for both tumor models (4T1, 67NR), with similar regions of interest as 

used herein. Since ADC is composed of contributions from both Din and Dex with Dex > Din, we concluded that using ADC as 

a proxy for Din would always lead to an overestimation of in vivo Din. Setting Din to 1.1 µm²/ms therefore appears to be a 

reasonable choice to minimize detrimental effects on the fitting procedure. 

BMJ Publishing Group Limited (BMJ) disclaims all liability and responsibility arising from any reliance
Supplemental material placed on this supplemental material which has been supplied by the author(s) J Immunother Cancer

 doi: 10.1136/jitc-2022-006092:e006092. 11 2023;J Immunother Cancer, et al. Hoffmann E



 

 

 12 

 

 

 

 

 

  

Suppl. Figure 6: Impact of estimated vin and Dex on cell radius calculation. 

To assess the impact of erroneous fitting results for intracellular volume fraction vin and extracellular diffusion coefficient Dex 

on cell radius calculation, simulations were performed as described in Suppl. Figure 5 (three runs, each yielding 25 values 

each), respectively. In both cases, fitting was performed with a fixed Din of 1.1 µm2/ms. Then, fixed values of vin of 0.3, 0.4, 

0.5, 0.6, 0.7, 0.8, 0.9 (a,b) or Dex of (0.7, 1.0, 1.3, 1.6, 1.9, 2.2, 2.5, 2.8) µm2/ms (c,d) were used for fitting. Dotted horizontal 

lines indicate the ground truth value for the cell radius of 8 µm. 

a,c Boxplots show exemplary results of the 25 resulting values for the calculated cell radius for one run with bars indicating 

medians, crosses means, and boxes second and third quartiles . b,d Mean results for cell radii of the three runs with different 

noise are shown as individual points, with horizontal bars indicating the mean. 

Using the ground truth of vin = 0.7, fitting resulted in the correct radius of 8 µm. However, presuming lower intracellular 

volume fractions (vin < 0.7), radii tend to be underestimated, while for vin > 0.7, an overestimation of the radii was observed. 

Yet, these influences were minor, especially for vin being close to the ground truth (0.6-0.8).  

Similar observations were made for a wrongly estimated extracellular diffusion constant Dex. Again, fitting performed with the 

ground truth value of 1.9 µm2/ms reproduced the correct cell radius of 8 µm well. Similarly, higher extracellular diffusion 

coefficients (Dex > 1.9 µm2/ms) reproduced the ground truth radius with only a minor overestimation, while decreased 

extracellular diffusion coefficients caused a slight underestimation of cell radii for 1.3 µm2/ms < Dex < 1.9 µm2/ms and became 

more pronounced for greatly underestimated Dex (0.7 and 1.0 µm2/ms). 
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Suppl. Figure 7: Analysis of IMPULSED-derived parameters. 

Analysis of all IMPULSED-derived parameters, next to cell radius r, including intracellular volume fraction vin, extracellular 

diffusion coefficient Dex, and extracellular signal attenuation ex. a-d In vitro spheroid experiments. e-h Progression of 4T1 

tumors from day three to day nine after tumor implantation. i-l Progression of 67NR tumors from day three to day nine after 

tumor implantation. m-p Clodronate liposome-mediated depletion of macrophages. q-t Immune checkpoint inhibitor (ICI) 

treatment of 4T1 tumors. u-x ICI treatment of 67NR tumors. Statistics were calculated as described in the manuscript. 
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Suppl. Figure 8: IMPULSED-derived cell radii within necrotic tumor areas. 

To investigate the specificity of IMPULSED-based cell size analysis to the viable tumor border, the IMPULSED analysis was 

also applied to necrotic and hemorrhagic tumor areas, where the assumptions of the IMPULSED model are no longer fulfilled. 

No meaningful patterns in IMPULSED-derived parameters within the necrotic tumor areas were observed, neither during 

tumor progression (3d, 6d, 9d) of 4T1 (a) or 67NR (b) tumors nor after ICI therapy of 4T1 (c) or 67NR (d) tumors.  
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Suppl. Figure 9: Histology-derived cancer cell radii. 

To exclude that potential changes in cancer cell size dominate the changes observed in IMPULSED-derived cell radii, cancer 

cell radii were assessed in histological stainings. For this purpose, a co-staining of wheat germ agglutinin and cadherin was 

performed, to enable exclusion of immune cells, which do not sufficiently express cadherins. For each group, 250 cells were 

measured manually. Each dot represents one cell radius. a Comparison of cancer cell radii in the 4T1 model during tumor 

progression (3d, 6d, 9d), after clodronate liposome-mediated depletion of macrophages, and after ICI therapy. Cancer cell radii 

showed no substantial differences during tumor progression or after therapy, with maximum changes in mean cell radii of 

below 5%. Please note that ANOVA analysis from day three to day nine implies significant increase in cell radii. However, 

the change in mean cell radii from 5.9 ± 0.6 µm to 6.2 ± 0.7 µm is negligible in biological context and is especially much 

smaller compared to the overall decrease in cell size due to T-cell infiltration as described in the main text. b Comparison of 

cancer cell radii in the 67NR model during tumor progression (3d, 6d, 9d) and after ICI therapy. Cancer cell radii showed  no 

substantial differences during tumor progression or after therapy, with maximum changes in mean cell radii of below 2%. 

Statistics were performed as described in the manuscript. 
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Suppl. Figure 10: Immunohistochemical analysis of intratumoral granulocytes, natural killer cells and B-cells.  

Representative 4T1 and 67NR tumor sections after 2-channel staining of either Ly6G, CD49b or CD45R (red) and nuclei (blue) 

with correlating merged images. During tumor progression from day three (3d) to day nine (9d) as well as after ICI therapy 

(9d ICI), only low expressions of intratumoral Ly6G (a-f), CD49b (g-l) and CD45R (m-r) were observed in both tumor models. 

Scale bars indicate 100 µm. Magnified regions of interest are indicated with dashed white boxes within the complete cross 

sections of the tumors. Quantified mean fluorescence intensities (MFI) showed no substantial changes both during tumor 

progression and after ICI therapy with a maximum MFICD45R of 1.8 a.u. (s). In contrast, MFICD3 and MFIF4/80 increased to up 

to 31 a.u. as presented within the manuscript. 
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 vin r [µm] Dex [µm2/ms] βex 

lower bound 0 1 0 0 

upper bound 1 30 3 10 

 radiusOGSE [µm] radiusWGA [µm] 

 Mean ± SD 

4T1 8.8 ± 1.3 9.2 ± 1.5 

67NR  8.2 ± 1.4 8.7 ± 1.6 

T-cells 3.8 ± 1.8 2.6 ± 1.3 

Macrophages 13.0 ± 1.7 13.5 ± 1.9 

 radiusOGSE [µm] radiusWGA [µm] 

 
Shapiro-Wilk 

p-value 
p-value t-value 

degrees of 
freedom 

Shapiro-Wilk 
p-value 

p-value t-value 
degrees of 
freedom 

4T1 vs. 67NR 0.8054 0.3768 0.9076 17 0.8083 0.5284 0.6477 13 

4T1 vs. T-cells 0.2060 < 0.0001 6.802 16 0.1093 < 0.0001 7.732 9 

4T1 vs. 
macrophages 

0.8799 < 0.0001 5.958 17 0.9124 0.0035 4.097 8 

 radiusOGSE [µm] radiusWGA [µm] MFICD3 [a.u.] MFIF4/80 [a.u.] 

 Mean ± SD 

4T1 3d 9.7 ± 1.0 6.5 ± 0.7 3.4 ± 0.7 5.3 ± 0.6 

4T1 6d 6.3 ± 1.7 4.6 ± 1.4 13.5 ± 0.7 3.2 ± 0.7 

4T1 9d 5.0 ± 1.5 3.4 ± 0.4 16.2 ± 1.1 4.5 ± 1.5 

4T1 6d 
clodronate 

4.4 ± 0.5 3.1 ± 0.1 13.2 ± 1.3 0.6 ± 0.2 

4T1 6d ICI 4.6 ± 0.8 2.6 ± 0.2 22.7 ± 2.2 5.8 ± 0.5 

4T1 9d ICI 3.2 ± 0.8 2.5 ± 0.4 31.1 ± 4.7 7.4 ± 2.8 

67NR 3d 8.9 ± 1.2 6.4 ± 0.9 0.8 ± 0.1 1.3 ± 0.3 

67NR 6d 11.7 ± 0.9 7.1 ± 0.5 0.8 ± 0.2 6.0 ± 1.0 

67NR 9d 12.5 ± 1.1 8.5 ± 0.4 0.8 ± 0.2 7.5 ± 1.1 

67NR 6d ICI 7.1 ± 0.5 4.3 ± 0.6 15.3 ± 1.6 7.5 ± 1.5 

67NR 9d ICI 5.2 ± 0.7 4.7 ± 0.7 24.7 ± 2.8 9.0 ± 1.3 

Suppl. Table 1: Constraints used for the IMPULSED model fitting. 

Lower and upper bounds of intracellular volume fraction vin, cell radius r, extracellular diffusion coefficient Dex and 

extracellular signal attenuation ex. 

Suppl. Table 2: Descriptive statistics of in vitro spheroid experiments.  

 

Suppl. Table 3: Analysis of statistical significance of in vitro experiments.  

 

Suppl. Table 4: Descriptive statistics of all in vivo experiments. 
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radiusOGSE [µm] radiusWGA [µm] MFICD3 [a.u.] MFIF4/80 [a.u.] 

 
Shapir
o-Wilk 

ANOVA (3d, 6d, 9d) 
post-
hoc 

Shapir
o-Wilk 

ANOVA (3d, 6d, 9d) 
post-
hoc 

Shapir
o-Wilk 

ANOVA 
Kruskal-Wallis test 

(3d, 6d, 9d) 

post-
hoc 

Shapir
o-Wilk 

ANOVA (3d, 6d, 9d) 
post-
hoc 

 
p-

value 
p-

value 
F-

value 

Degre
es of 

freedo
m 

p-
value 

p-
value 

p-
value 

F-
value 

Degre
es of 

freedo
m 

p-
value 

p-
value 

p-
value 

F-
value 

Degre
es of 

freedo
m 

p-
value 

p-
value 

p-
value 

F-
value 

Degre
es of 

freedo
m 

p-
value 

4T1 3d 
vs. 
4T1 6d 

0.0937 

< 
0.0001 

20.73 18 

0.0008 0.6093 

0.0178 8.484 8 

0.1035 0.0392 

0.0036 - - 

0.05 0.8194 

0.1258 2.987 8 

0.1127 

4T1 6d 
vs. 
4T1 9d 

0.9521 0.3126 0.2231 0.3168 0.3591 0.1 0.3158 0.3571 

4T1 3d 
vs. 
4T1 9d 

0.1944 
< 

0.0001 
0.3361 0.0152 0.0278 0.0219 0.6358 0.6452 

67NR 3d 
vs. 
67NR 6d 

0.6413 

0.0001 18.31 16 

0.001 0.4885 

0.0155 9.024 8 

0.4555 0.7065 

0.9073 
0.0988

6 
8 

0.9471 0.1397 

0.0002 45.03 8 

0.0011 

67NR 6d 
vs. 
67NR 9d 

0.9490 0.4839 0.9293 0.0640 0.4138 0.9050 0.7341 0.1423 

67NR 3d 
vs. 
67NR 9d 

0.4815 0.0002 0.3779 0.0142 0.3525 0.9929 0.0543 0.0002 

 radiusOGSE [µm] radiusWGA [µm] 

 coefficient p-value coefficient p-value 

4T1  -0.8079 < 0.0001 -0.8433 0.0043 

67NR 0.7990 0.0001 0.8433 0.0043 

Suppl. Table 5: Analysis of statistical significance of longitudinal in vivo data during tumor progression. 

Suppl. Table 6: Spearman correlation analysis between cell radii and day of tumor growth for longitudinal in vivo data. 
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