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Objectives: Because size-based imaging criteria poorly capture biologic
response in desmoid-type fibromatosis (DF), changes in MRI T2 signal intensity
are frequently used as a response surrogate, but remain qualitative. We
hypothesized that absolute quantification of DF T2 relaxation time derived
from parametric T2 maps would be a feasible and effective imaging biomarker
of disease activity.

Methods: This IRB-approved retrospective study included 11 patients with DF,
managed by observation or systemic therapy, assessed by 3T MRI. Tumor
maximum diameter, volume, and T2-weighted signal intensity were derived
from manual tumor segmentations. Tumor:muscle T2 signal ratios were
recorded. Two readers measured tumor T2 relaxation times using a
commercial T2 scanning sequence, manual ROl delineation and commercial
calculation software enabling estimation of reader reliability. Objective response
rates based on RECIST1.1 and best responses were compared between size-
based and signal-based parameters.

Results: Median patient age was 52.6 years; 8 subjects were female (73%). Nine
patients with longitudinal assessments were followed for an average of 314 days.
Median baseline tumor diameter was 7.2 cm (range 4.4 - 18.2 cm). Median
baseline T2 was 65.1 ms (range 40.4 - 94.8 ms, n=11); median at last follow-up
was 44.3 ms (-32% from baseline; range 29.3 - 94.7 ms, n=9). T2 relaxation times
correlated with tumor:muscle T2 signal ratios, Spearman p=0.78 (p<0.001). T2
mapping showed high inter-reader reliability, ICC=0.84. The best response as a
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percentage change in T2 values was statistically significant (mean -17.9%,
p=0.05, paired t-test) while change in diameter was not (mean -8.9%, p=0.12).

Conclusions: Analysis of T2 relaxation time maps of DF may offer a feasible
quantitative biomarker for assessing the extent of response to treatment. This
approach may have high inter-reader reliability.

KEYWORDS

desmoid-type fibromatosis, aggressive fibromatosis, magnetic resonance imaging,
neoplasms, multiparametric magnetic resonance imaging, therapy response, soft

tissue tumor

Highlights

* T2 relaxation time mapping at pixel resolution of desmoid
fibromatosis enables achieving high inter-reader
reliability (ICC=0.84)

* At best response, decreases in T2 values are larger as a
percentage change from baseline than tumor diameter

Introduction

Desmoid fibromatosis (DF) is an aggressive mesenchymal
neoplasm that may cause substantial morbidity from infiltrative
growth. Because of a propensity for local recurrence after resection,
clinical management often involves observation or systemic therapy.
Monitoring for disease progression and therapeutic response thus
plays a critical role in influencing decisions to initiate or alter
treatment regimens. Systemic therapy options including tyrosine
kinase inhibitors, pazopanib, and gamma secretase inhibitors have
all shown efficacy against DF in prospective studies (1-4). However,
the primary imaging endpoints based on RECIST1.1 used in these
studies are determined only by changes in maximum tumor diameter.
Such criteria are ill-suited to capture biologic changes observed in DF,
which is often marked by parenchymal collagenization, tumor
shrinkage along minor axes, and a plateau in the decrease of tumor
size so that attaining an objective response may take years. As a result,
there is an emerging consensus that alternative DF-specific imaging
response metrics are warranted that better reflect the clinical status of
disease (5).

As DF undergoes collagenization, MRI signal intensity changes
include increasing T2 hypointensity and decreased contrast-
enhancement (6). Attempts to quantify the magnitude of such
signal changes have traditionally utilized tumor to muscle signal
ratios (7). T2 mapping is a commercially available quantitative MRI

Abbreviations: DF, desmoid-type fibromatosis; PD, progressive disease; PES,
progression-free survival; PR, partial response; RECIST, Response Evaluation

Criteria in Solid Tumors.
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technique that permits absolute measurement of tissue T2
relaxation time, and has been shown to be sensitive to changes in
collagen deposition (8). Quantitative assessment of T2 relaxation
time in DF could improve objective tracking of treatment response
by supplanting semantic descriptions of tumor signal changes and
tumor:muscle signal ratios, which are heavily influenced by the
region of reference muscle selected. Parametric measurements of
tumor T2 relaxation time could allow more precise determination
of tumor response and therefore be useful not only in routine
clinical practice, but also clinical trial settings, where objective
response rates and time to response are important efficacy
endpoints. Because increasing collagenization is a hallmark of DF
regression, we hypothesized that DF absolute T2 relaxation time
derived from parametric T2 maps would be a feasible and effective
imaging biomarker of disease activity. To determine this, we studied
a retrospective cohort of DF patients to longitudinally quantify the
change in T2 relaxation time and compare these measurements to
changes in size and signal intensity ratios, and to compare the
absolute T2 times between two readers.

Methods
Subjects

This retrospective study was approved by the local institutional
review board with waiving of informed consent. MRI studies
archived in the Picture Archiving Communication System (PACS,
city) were reviewed, in addition to patient electronic medical
records. Subjects were identified through keyword search of
radiology reports since 2016 for “desmoid” OR “fibromatosis” OR
“desmoid-type fibromatosis” AND “T2 map.” Inclusion criteria
included subjects 218 years of age with histologically proven
diagnosis of desmoid-type fibromatosis. Superficial fibromatosis
cases were excluded. Subjects without T2 mapping sequences
performed were excluded. The earliest MRI including the T2
mapping sequence was labeled “baseline MRI” regardless of
preceding therapy or period of observation. The subject treatment
history was recorded, including what regimens the patient was
treated with for the study period.
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MRI protocol

All MRI examinations were carried out at 3T (Magnetom Verio
and Skyra; Siemens, Erlangen, Germany). The local MRI protocol
for desmoid tumors utilizes conventional T1 weighted turbo spin-
echo, proton-density weighted turbo spin-echo with and without fat
suppression, and a commercially available T2 mapping sequence
(Figure 1). T2 mapping was performed using a multi-echo spin-
echo technique, with variable echo times (TE’s) depending on
anatomic region (Table 1). The T2 map was derived from a pixel-
wise, mono-exponential non-negative least squares fit analysis
(Maplt, Siemens Medical Solutions, Erlangen, Germany).

MRI assessment

Desmoid tumor maximum diameter (long axis), volume, and
signal intensity were determined by semi-automated segmentation
using dedicated software (mint LesionTM, v.3.6, mint medical,
Dossenheim, Germany) by a fellowship trained musculoskeletal
radiologist (TS, 11 years’ experience). Change in tumor size was
categorized according to RECIST1.1 criteria of progressive disease
(PD), partial response (PR), stable disease (SD), and complete
response (CR) for a single target lesion (9).

To determine conventional tumor signal intensity, we adapted a
modified Choi technique previously applied for measurements of
soft tissue tumor MRI signal intensity (10). A two-dimensional
region of interest (ROI) was constructed around the tumor using
the manual segmentation tool in mint Lesion, using the fat-
suppressed PD-weighted sequence at the slice showing the
greatest tumor diameter. The signal intensity of nearby muscle
tissue was also measured by placing an ROI with minimum 2 cm? to
serve as an internal reference, so that signal intensity could be

FIGURE 1

10.3389/fonc.2023.1286807

normalized as a ratio of desmoid tumor to muscle signal on fluid
sensitive sequences, similar to prior investigations (11, 12).

Single slice regions of interest (ROIs) on T2 maps were
manually constructed using dedicated software (mint Lesion' ',
v.3.6, mint medical, Dossenheim, Germany); the slice depicting
maximum cross-sectional tumor area was chosen for the ROI,
analogous to the ROI placed on the fat-suppressed PD sequence
above. A second fellowship trained musculoskeletal radiologist (ES,
12 years’ experience), blinded to the first reader’s measurements,
independently constructed ROIs on the T2 maps to determine
interobserver concordance.

Statistics

Patient demographics were calculated descriptively, as were the
clinical features of the individual tumors, including baseline tumor
size and follow-up duration. Tumor response characteristics
measured as changes in tumor diameter and tumor:muscle signal
intensity ratios were compared to observed T2 relaxation times. The
extent of response was calculated as the subject’s observed best
response as a percentage change from baseline for both tumor
diameter and T2 relaxation times, and were compared using a
paired t-test after using a Shapiro-Wilk W test for normality. We
used a natural logarithmic transformation of tumor:muscle signal
intensity ratios since these ratios are distributed nonlinearly, with
decreases bounded between 0 and 1, and increases in signal
unbounded; we then correlated the In (signal ratio) with
quantitative T2 relaxation times. Inter-observer reliability between
the two readers was calculated using intraclass correlation
coefficient (ICC) for two-way random-effects model, absolute
agreement; ICC values less than 0.5, between 0.5 and 0.75, greater
than 0.75 up to 0.9, and greater than 0.90 were considered poor,

100es

57 year old man with large calf mass. (A) Axial fat suppressed T2-weighted weighted MRI demonstrates a large mostly collagenized desmoid tumor
in the calf (arrowheads). The tumor:muscle signal ratio was 0.34. Note small areas of internal T2 hyperintensity suggestive of more cellular
components (arrow). (B) T2 mapping reveals low signal throughout the tumor, with areas of higher signal (*) corresponding with the T2 hyperintense
components seen in (A) The T2 relaxation time of the tumor was measured by readers 1 and 2 as 33.6 ms and 29.3 ms, respectively.
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TABLE 1 T2 mapping parameters by anatomic region.

Region TR/TEs (ms) Slice (mm) Matrix NEX Bandwidth (Hz/pixel)
Neck 3350/20, 40, 61, 81, 102 4 256 x 205 1 227
Thigh 3620/14, 28, 41, 55, 69 3 288 x 288 1 228
Abdominal Wall 2270-3010/14, 28, 41, 55, 69 3 256 x 205 1 225

MRI T2 mapping sequence parameters used for different anatomic regions. TR/TE, time to relaxation/time to echo; NEX, number of excitations; Hz, hertz.

moderate, good, and excellent reliability, respectively (13). therapy, either with surgical resection alone (n = 2), surgery plus
Statistical analysis was performed using Stata 13.1 (StataCorp,  systemic therapy (n = 1), or systemic therapy alone (n = 4); one subject
College Station, TX, USA). For all analyses, results were had been heavily pre-treated with multiple modalities including
considered statistically significant for p < 0.05. systemic agents (tamoxifen, NSAIDS, tyrosine kinase inhibitors,
irreversible electroporation, and liposomal doxorubicin). Three
patients (27%) had not been previously treated.
Results Tumors were followed for an average of 314 days; two patients
had only baseline scans available. A total of 37 timepoint
Demographics and clinical characteristics assessments were performed. Therapies in use during the study
interval included sorafenib 400 mg daily (n = 5), doxorubicin/
The study included 11 evaluable subjects, each with a single tumor; ~ dacarbazine (n = 1); two patients were enrolled in a placebo-
8 subjects were female (73%). Mean age at baseline MRI was 52.9 years  controlled gamma-secretase clinical trial and investigators remain
(median 52.6, range 27.0 — 78.7 years). Tumors were located in the  blinded to treatment arm. Three patients were undergoing
chest wall (n=3), abdominal wall (n = 3), lower extremity (n =2), neck  active surveillance.
(n = 2), and upper extremity (n = 1). Tumor size at baseline varied
considerably, with mean volume being 195 cm?, median 41 cm®, range
16 - 1,013 cm’. The mean tumor diameter (long axis) was 8.0 cm, Tumor response: RECIST
median = 7.2 cm, range 4.4 to 18.2 cm.
Of 9 subjects with 26 follow-up timepoint assessments, tumor
diameter decreased for 7 at the time of last follow-up, by an average
Pretreatment and therapy of 13% (std dev 12%) (Supplementary Figure 1). The best response
by tumor diameter is depicted in Figure 2 as a waterfall plot. Only
Three tumors were locally recurrences after prior surgical excision. ~ one subject achieved RECIST1.1 PR at a single timepoint, with a
Most patients had been previously treated with one or two lines of ~ decrease in tumor diameter of 34% (from 4.4 to 2.9 cm). Six

Best Tumor Response: Diameter and T2 Value
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FIGURE 2

Waterfall plot depicting best response by change in maximum tumor diameter (dark gray) and T2 values (light gray) relative to baseline for nine
subjects followed longitudinally. The plot is organized with higher subject numbers showing larger decreases in tumor diameter. There is good
directional agreement with T2 values (r = 0.88, p = 0.002), with T2 values showing greater percentage change vs diameter in all cases except
subject 4 (mean -17.9% vs -8.9%, respectively; p = 0.06, paired t-test).
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assessments among three patients were characterized as PD by
RECISTI.1, with tumor diameter increases of up to 42%, 30%, and
28%, respectively. The remaining 19 timepoint assessments were
characterized as RECIST1.1 SD, with a representative example
shown in Figure 3.

Tumor response: tumor:muscle T2 signal
ratio and absolute T2 relaxation times

The mean tumor:muscle T2 signal ratio at baseline was 1.75
(median 1.55; range 0.49 to 4.62). There was a uniform decrease in
signal ratios from baseline to last timepoint assessment, averaging
-35.5% (median -41%; range -52% to -1.3%) (Supplementary

FIGURE 3

10.3389/fonc.2023.1286807

Figure 2). Seven of the nine (78%) subjects showed at least a 30%
reduction in T2 signal ratio; raw measurements of tumor and
muscle T2 signal intensities is included as Supplementary Table 1.

The mean tumor T2 relaxation time was 61.4 ms at baseline, std
dev = 17.7 ms (median 65.1 ms, range 40.4 - 94.8 ms, n=11). Of the
nine subjects with serial examinations, the majority -7/9 (78%)—
showed a decrease in T2 relaxation times, with mean value at last
follow-up of 49.6 ms (std dev = 18.5 ms; median 44.3 ms, range 29.3 -
94.7 ms), for an average decrease of 9.5 ms (-15%; median -10.7 ms,
range -26.3 to +9 ms) from baseline (Supplementary Figure 3). Tumor
T2 relaxation times were highly correlated with tumor:muscle T2 signal
ratios, Pearson r =0.71 (p < 0.001) (Supplementary Figure 4).

As can be seen the waterfall plot in Figure 2 depicting best response
by T2 relaxation time alongside best response by diameter, there was

100ms

Oms

100ms

73 year old woman with a right lateral thigh mass. (A) Coronal fat-suppressed T2-weighted MRI demonstrates an ovoid heterogeneously
hyperintense desmoid tumor in the lateral distal thigh (solid white arrow). (B) The corresponding axial T2 map demonstrated the mass (solid black
arrow) to have a relaxation time of 59.1 ms (readers 1 and 2: 57.5 and 60.7 ms, respectively). (C) Four months later while on sorafenib, the tumor
remains unchanged in length, but shows subtle decreased T2 hyperintensity (dashed white arrow). (D) Axial T2 map demonstrates small areas of
decreased T2 relaxation times (dashed black arrow), bringing the mean tumor T2 down to 55.5 ms (readers 1 and 2: 56 and 54.9 ms, respectively).
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good directional agreement between T2 values and tumor diameter
measurements (Pearson’s r = 0.88, p = 0.002). Because of the small
sample size, a Shapiro-Wilk W test was performed and failed to show
evidence of non-normality for best response differences in T2 (W =
0.95, p = 0.73) and diameter (W = 0.92, p = 0.32). Consequently, a
parametric paired t-test was used to compare means. T2 values showed
a statistically significant decrease in best response from baseline: mean
-17.9%, p=0.05, paired t-test; however, the change in diameter was not
statistically significant (mean -8.9%, p=0.12). Only for one subject out
of nine was there discordance in best response, but this was relatively
modest with the T2 value showing an increase of less than 10% from
baseline; this subject exhibited RECIST1.1 SD throughout the study.
Two subjects showed increased T2 relaxation times at last
follow-up: in one, from 45.6 to 54.9 ms (+20%), and
corresponding RECIST PD with increase in diameter from 4.5 cm
to 6.4 cm (+42%); in the other, from 40.4 to 44.3 ms (+9.6%), but
had RECIST stable disease. T2 relaxation times at the six RECIST1.1
PD timepoints uniformly increased from baseline or corresponding
nadir (mean 35% increase, range 13 to 85%), showing that
parametric T2 maps are sensitive to the RECIST1.1 threshold of
disease progression. The converse was also true, where the single
RECIST1.1 PR timepoint in a different subject showed a
corresponding 34% decrease in T2 (from 79.8 to 52.9 ms).

T2 mapping inter-reader reliability

T2 mapping was deemed acceptable by both readers for 34
timepoints in the 11 subjects, with one reader recording technical

10.3389/fonc.2023.1286807

failure of the sequence or tumors too small to reliably measure in 3/
37 cases (8.1%). There was good correlation between readers for T2
mapping, with ICC = 0.84 (two-way random effects model, absolute
agreement, individual measurements); this correlation was
significant (F = 12.8, p < 0.001). As shown in the Bland-Altman
plot (Figure 4), there was a small bias with an average difference
between readers of 5.3 ms, std dev 13.0 ms, but this was not
statistically significant (95% limits of agreement: -30.8 ms, 20.2 ms).

Discussion

In this preliminary study, we show that commercially available
T2 mapping (using a pixelwise, monoexponential nonnegative
least-squares fit analysis) permits quantitative measurements of
desmoid tumor T2 relaxation times, with high interobserver
agreement, and compelling correlation with RECIST1.1
assessments. In particular, the extent of tumor response is higher
when measured with T2 relaxation times as compared to tumor
diameter. Extent (or depth) of response (best response as percentage
change from baseline) has emerged as an important predictor of
long term survival in other diseases (14), and our findings suggest
that depth of T2 relaxation decrease may perform well as an
imaging biomarker in the longitudinal assessment of desmoid
tumors. As systemic therapy or active surveillance become
established frontline management strategies for most DF, the
Desmoid Tumor Working Group has identified the need for
RECIST alternatives that are reliable and integrate “tissue
response” into objective response criteria (5). Quantifying MRI

Bland-Altman Plot for T2 Mapping
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Bland-Altman plot shows slight bias of -5.3 ms, but this was not statistically significant as the confidence interval contains O; there was good inter-

reader reliability with an ICC of 0.84.
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signal changes by using T2 mapping shows promise in meeting this
need, with high inter-reader reliability and correlation with changes
in tumor size in this early study.

Previous prospective studies in phase II and III clinical trials
have shown varying response rates of DF to systemic therapy. In a
pool of 141 patients treated with imatinib, 1-year progression-free
survival (PFS) was estimated to be 35-65%, 2-year PFS
approximately 45%, and objective response rates 5-15% (15).
Gounder et al., showed in a phase III trial that compared to
placebo, sorafenib achieved significantly higher 2-year PFS (81%
vs 36%), and higher objective response rates (33% vs 20%) (1).
Toulmonde et al., showed objective PRs of 37% and 25% for
pazopanib and methotrexate/vinblastine regimens, respectively
(2). The most recent phase III trial of the gamma secretase
inhibitor nirogacestat showed 41% of patients achieve RECIST
objective responses, at a median time just under 6 months (16).
Minimally invasive local therapies, either using cryoablation (17) or
doxorubicin-eluting beads via transarterial chemoembolization
(18), have also shown high success rates in achieving
disease control.

However, it is clear that objective response rates systematically
underestimate biologic response given high disease control rates
and superior PFS compared to placebo. Establishing robust
alternative response criteria could yield important practical
advantages in clinical trial design and execution, among them an
earlier determination of treatment efficacy based on objective
imaging endpoints that would shorten trial duration. Using
quantitative T2 values as a biomarker of biologic aggressiveness
could lower screen failures due to overly stringent eligibility criteria
—e.g. RECIST PD over a given interval, when active disease may be
more appropriate. Cassidy et al. have shown that T2 hyperintensity
involving >90% baseline tumor volume is associated with 1-year
PES of only 55%, compared to 94% in the <90% group (19);
however, these were based on subjective estimates that could lead
to lower inter-observer reliability. A quantitative T2 mapping
strategy could enhance objective predictions of which tumors are
most at risk for progression during active surveillance.

Any framework for desmoid tumor-specific alternative
response criteria will likely take a multiparametric approach
incorporating changes in both tumor size and signal (on T2-
weighted or contrast-enhanced sequences) (20), although
consensus threshold values have yet to emerge. Several
prospective trials noted that alternative criteria performed well in
secondary or exploratory analyses, and recent data has corroborated
those initial insights: substantial decreases in tumor volume
commonly precede RECIST PR by approximately 1 year on
average (11). Moreover, volumetric analysis shows high inter-
reader reliability, with ICC = 0.96, and the suggestion that the
volumetric threshold for disease response or progression should be
a change of 40% at minimum (21). We previously reported that
patients who achieved RECIST PR or SD showed approximately
50% decreases in T2-signal ratio (7), a result echoed in a recent
study where a 50% decrease was observed in 47% of patients (12).
However, T2 signal ratios are problematic because the data is
inherently asymmetric: increases are theoretically unbounded,
while decreases are bounded between 0 and 1. Additionally, signal
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intensity in muscle tissue may be affected by technical artifact (e.g.
inhomogeneous fat suppression, dielectric effects, etc.), or varying
degrees of fatty infiltration and atrophy related to age and
deconditioning, and thus an imperfect reference standard. DF
radiomics has identified several features predictive of treatment
response (11, 22), but may require post-acquisition correction for
image signal heterogeneity, and arcane feature calculations often
lack intuitive phenotypic meaning.

Morochnik et al., described changes in T2 mapping values in
desmoid tumors treated with cryoablation. In those cases, increases
in T2 relaxation time were observed, reflecting the cryoablation-
induced liquefactive tumor necrosis (23). Similar increases in T2
hyperintensity have been observed in DF treated locally with
cryoablation. In contrast, increases in tumor collagen deposition,
either due to spontaneous disease regression or response to systemic
therapy, are marked by decreases in tissue T2 relaxation time.
Interestingly, a recent pilot study of intratumoral steroid
injections showed significant decreases in DF T2 hyperintensity
and contrast-enhancement quantified by tumor:muscle signal ratios
(24). We have previously shown that T2 mapping is sensitive to
collagenization in the superficial fibromatoses (25), and believe
extending T2 mapping to DF is a rational imaging strategy that
facilitates parametric analysis of the familiar DF-specific
collagenization pattern that is typically described semantically,
but challenging to quantify with traditional sequences.

This study has several limitations, the foremost being its
retrospective nature with a small sample of convenience. Despite the
small sample, we believe a sufficient number of timepoint assessments
were available to demonstrate the feasibility of DF T2 mapping.
Because patients were variously pre-treated and T2 mapping
examinations were not uniformly obtained at true pre-therapeutic
baseline, response thresholds cannot be proposed with confidence.
However, this early data reveals strong sensitivity of the technique to
changes in tumor signal over time, with high inter-reader agreement,
which are both necessary characteristics of a robust response
biomarker. Responses were not stratified by CTNNBI mutation
status, but recent multi-institutional data suggests this does not
influence response rates to systemic therapy (26). Additional
limitations are the technical variability of the acquisitions, which
revealed particular problems for DF in the abdominal wall due to
respiratory motion artifacts. Though not represented in our data set, we
suspect similar problems would create challenges for T2 mapping in
mesenteric DF, at least as currently protocoled. Lastly, we utilized a
two-dimensional ROI to measure mean T2 relaxation time on a single
slice (where tumor diameter was maximum), rather than a volumetric
segmentation on the T2 map. While this approach introduces sampling
variability that could be particularly problematic for large
heterogeneous tumors, it retains the chief advantage of simplicity,
since it can be derived directly from the PACS, and is based on
precedent where tumor: muscle signal ratios were similarly derived
from a single representative slice (7, 27).

In conclusion, our preliminary results show that parametric T2
mapping sequences enable quantitative assessment of DF parenchymal
characteristics with high inter-reader reliability. Utilizing this approach
surmounts problems encountered with semantic descriptions and
subjective estimates of tumor T2 hyperintensity, and eliminates the
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need for tumor signal ratios. Future studies could validate the approach
with larger sample sizes, focus on establishing T2 mapping protocols
for various anatomic regions, and assess whether volumetric analysis or
T2 map radiomics could yield additional biomarkers of tumor behavior
and therapeutic response.
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