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A B S T R A C T   

Background and purpose: This study aimed to assess the role of T1 mapping and oxygen-enhanced MRI in patients 
undergoing radical dose radiotherapy for HPV positive oropharyngeal cancer, which has not yet been examined 
in an OE-MRI study. 
Materials and methods: Variable Flip Angle T1 maps were acquired on a 3T MRI scanner while patients (n = 12) 
breathed air and/or 100 % oxygen, before and after fraction 10 of the planned 30 fractions of chemoradiotherapy 
(‘visit 1’ and ‘visit 2’, respectively). The analysis aimed to assess to what extent (1) native R1 relates to patient 
outcome; (2) OE-MRI response relates to patient outcome; (3) changes in mean R1 before and after radiotherapy 
related to clinical outcome in patients with oropharyngeal squamous cell carcinoma. 
Results: Due to the radiotherapy being largely successful, the sample sizes of non-responder groups were small, 
and therefore it was not possible to properly assess the predictive nature of OE-MRI. The tumour R1 increased in 
some patients while decreasing in others, in a pattern that was overall consistent with the underlying OE-MRI 
theory and previously reported tumour OE-MRI responses. In addition, we discuss some practical challenges 
faced when integrating this technique into a clinical trial, with the aim that sharing this is helpful to researchers 
planning to use OE-MRI in future clinical studies. 
Conclusion: Altogether, these results suggest that further clinical OE-MRI studies to assess hypoxia and radio
therapy response are worth pursuing, and that there is important work to be done to improve the robustness of 
the OE-MRI technique in human applications in order for it to be useful as a widespread clinical technique.   

Introduction 

Head & neck cancer is the seventh most common cancer type in the 
UK, and 90 % are squamous cell carcinomas with oropharyngeal being 
the most commonly affected subsite [1]. Although survival rates have 
been improving, 5-year relative survival rates are 52 % and patients 
undergoing treatment with radiotherapy and surgery may suffer sig
nificant morbidity as a result of treatment [2]. Since imaging is a vital 
component of the head and neck cancer management pathway – used for 

diagnosis, staging, treatment planning and response assessment – it 
would be ideal if an imaging biomarker could identify which tumours 
are less likely to respond to treatment. This would provide an oppor
tunity to target these tumours or tumour regions using Intensity 
Modulated Radiotherapy (IMRT) or adaptive RT, or to use appropriate 
targeted radiosensitizers to improve treatment response. 

One common feature in solid tumours linked to chemo- and radio- 
resistance is low tissue oxygen levels, known as hypoxia, caused by a 
combination of immature vasculature, poor perfusion, and high 

* Corresponding author at: Old Road Campus Research Building, University of Oxford, Headington, Oxford OX3 7DQ, UK. 
E-mail address: emma.bluemke@new.ox.ac.uk (E. Bluemke).  

Contents lists available at ScienceDirect 

Clinical and Translational Radiation Oncology 

journal homepage: www.sciencedirect.com/journal/clinical-and-translational-radiation-oncology 

https://doi.org/10.1016/j.ctro.2022.100563 
Received 29 March 2022; Received in revised form 8 December 2022; Accepted 14 December 2022   

mailto:emma.bluemke@new.ox.ac.uk
www.sciencedirect.com/science/journal/24056308
https://www.sciencedirect.com/journal/clinical-and-translational-radiation-oncology
https://doi.org/10.1016/j.ctro.2022.100563
https://doi.org/10.1016/j.ctro.2022.100563
https://doi.org/10.1016/j.ctro.2022.100563
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ctro.2022.100563&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/


Clinical and Translational Radiation Oncology 39 (2023) 100563

2

metabolic activity in the tumour [3–5]. In addition, hypoxia studies 
using positron emission tomography (PET) imaging have found that the 
persistence of hypoxia throughout chemoradiotherapy is predictive of 
patient clinical outcome [6,7]. In this study, we hypothesized that tu
mours with poor perfusion or hypoxia would be more likely to be at risk 
of relapse and examined the feasibility of a technique known as oxygen- 
enhanced MRI (OE-MRI) to provide indicators of tumour perfusion in 
this clinical setting [8–19]. 

Oxygen-enhanced MRI is a non-invasive imaging technique based on 
the knowledge that molecular oxygen is paramagnetic, and that the 
longitudinal relaxation rate R1 (1/T1) of a material will increase linearly 
with an increased concentration or partial pressure of oxygen (PO2) 
[20–30]. If a patient inhales 100 % oxygen or carbogen, the R1 of tissues 
that increase in PO2 will therefore increase, or show “oxygen-enhance
ment”. By acquiring a measurement of R1 under normal conditions and 
then performing a second measurement (or dynamic measurements) 
while the patient is breathing an increased inspired fraction of oxygen 
via a face mask, the change – or absence of change – in R1 has been used 
to infer information about the delivery of oxygen in that tissue. In some 
OE-MRI studies, additional data such as changes in relaxation rate R2* 
(1/T2*) can also provide important information about the changes in 
oxygenation [9,14,31–34], and certain indicators of vasculature from 
dynamic contrast-enhanced MRI (DCE-MRI) have been used to distin
guish between tumour regions that show no oxygen-enhancement but 
do show vasculature (called “Perfused Oxy-Refractory”) [14,16,18]. 
After showing promising results in preclinical studies measuring hyp
oxia [9,10,13,14,16,19] or radiation response [12,18,35,36], the OE- 
MRI methodology has continued to be refined for clinical applications, 
with some analysis techniques being proposed to improve the signal-to- 
noise ratio, acquisition time, and to improve the robustness of the 
technique for use in human patients [11,15]. To date, 8 human studies 
have used variations of the OE-MRI method in tumours: 4 patients with 
brain metastasis and glioma [34], 5 patients with glioblastoma [13], 6 
patients with renal carcinoma [14], 7 patients with intracranial tumours 
[37], 7–9 patients with anal squamous cell carcinoma [38], 10 patients 
with brain metastasis [17], 10 patients with cervical and hepatocellular 
carcinoma or metastases from ovarian and colorectal carcinomas [39], 
and 15 patients with non small cell lung cancer [18], with 3 of the 8 
studies involving any radiotherapy treatment. In each case, the OE-MRI 
method has repeatedly been shown to be well-tolerated by patients. 

The data presented in this manuscript is the tertiary outcome of a 
clinical study where the objective of this outcome was to assess the role 
of T1 mapping and OE-MRI techniques in patients undergoing radical 
dose radiotherapy (with or without systemic therapy) for HPV positive 
oropharyngeal cancer, which has not yet been examined in an OE-MRI 
study. The analysis aimed to assess to what extent (1) native R1 re
lates to patient outcome; (2) OE-MRI response relates to patient 
outcome; (3) changes in mean R1 before and after radiotherapy related 
to clinical outcome in patients with oropharyngeal squamous cell car
cinoma. Due to the radiotherapy being largely successful, only 3 patients 
did not respond to radiotherapy, making it difficult to statistically 
compare the non-responder and responder groups and properly assess 
the predictive nature of OE-MRI or R1 changes. As a result, this study 
reports the changes observed, but was unable to report any correlations 
of these changes to the cancer outcomes. Lastly, we discuss some prac
tical challenges faced when integrating this technique into a clinical 
trial, with the aim that sharing this is helpful to researchers planning to 
use OE-MRI in future clinical studies. 

Methods 

Patients and treatment 

Patients included in this study were trial participants enrolled in the 
Biological magnetic resonance imaging parameters in cancer (BIOPIC) study 
who underwent radiotherapy for squamous cell oropharyngeal cancer in 

Oxford University Hospitals NHS Trust between 2017 and 2019 [40]. 
This study was approved by Wales Research Ethics Committee 4, 
Wrexham, and all patients provided written informed consent. From 
seeking informed consent, patients were followed until post-treatment 
imaging which takes place 10–12 weeks after completion of radio
therapy. The duration of patients’ participation was approximately 4 
months. All patients received radiotherapy prescribed at 65 Gy to pri
mary and involved nodes and 54 Gy to elective nodal regions over 30 
fractions. Eligible patients received concomitant systemic therapy with 
cisplatin (100 mg/m2 3 weekly or 40 mg/m2 weekly) or cetuximab (400 
mg/m2 loading, 250 mg/m2 weekly). Treatment was delivered using 
simultaneous integrated boost volumetric modulated arc therapy 
(VMAT) plans with daily image guidance (Clinac iX, Varian Medical 
Systems, Palo Alto, USA). 

MRI protocol 

A group of 12 patients (age range 50–74) was scanned on a GE 
Discovery MR750 3T MRI scanner with HDNV coil array, in three 
separate sessions: before (visit 1), and after fraction 10 of the planned 30 
fractions of radiotherapy (visit 2), and a followup 3 months after therapy 
– the study design is illustrated in Fig. 1. At each visit, the following 
images were acquired: T2-weighted image (SE sequence, TR = 781 ms, 
TE = 16.44 ms, slice thickness = 4.0 mm, slice gap = 4.5 mm, matrix 
512 × 512, 19 slices); Modified Look Locker Inversion Recovery 
(MOLLI) [41] T1-mapping sequences (slice thickness = 10 mm, 11 
inversion times, FA = 35, TR = 3.050 ms, TE = 1.332 ms, acquisition 
time approximately 15 s) acquired in a single transverse slice through 
the tumour volume (T1 was calculated using a nonlinear fit [41]); 
Variable Flip Angle (VFA) T1 maps via a 3D gradient echo sequence (TR 
= 4.000 ms, TE = 0.656 ms, matrix = 256 × 256, slice thickness = 5 mm, 
FA = 2, 5, 10, 15, acquisition time 3.5 min) [42] (T1 was calculated 
using a linear fit [42]). All T1 maps were calculated using MATLAB 
(MATLAB R2019, Mathworks, Natick, MA). 

For OE-MRI, scans were acquired while the patient was breathing air 
and then again after breathing 100 % oxygen via an Intersurgical EcoLite 
high concentration oxygen mask. Patients were monitored until their 
end-tidal oxygen values reached ~70 % before the ‘oxygen’ images were 
acquired, which generally took 2–3 min. Their end-tidal oxygen levels 
were measured using a Respiratory Gas Analyzer ML206 and a Power
Lab 4/26 (AD Instruments ltd, Dunedin, New Zealand). 

Image analysis 

A tumour region of interest (ROI) was delineated by an experienced 
oncologist for all primary tumours and any involved lymph nodes on 
high-resolution T2-weighted images. The ROIs were exported into the 
resolution and orientation of the single-slice MOLLI and of one slice in 
the 3D VFA T1 maps, for use in analysis using 3D Slicer [43]. In 3/12 
subjects, the cancerous lymph node was used instead of the primary 
tumour due to the primary tumour either not existing, being obscured by 
an artefact, or being missed by the selected MOLLI slice. Tumour ROIs 
containing <50 voxels were excluded from the analysis. There was a 
noticeable darkening artefact across the first and last two slices on the 
T1 maps, and if the tumour ROI encompassed these slices, the data from 
those slices were excluded from the analysis. For each image, R1 was 
extracted (1/T1) and the descriptive statistics were calculated and the 
histogram distribution of R1 values within the tumour ROI was exam
ined and reported. 

The change in R1 within each ROI between (1) visit 1 and visit 2 
(calculated as ΔR1v2-v1 = R1visit2 − R1visit1), (2) breathing air versus 
breathing oxygen on visit 1 (calculated as ΔR1ox-air = R1ox − 8 R1air), 
and (3) breathing air versus oxygen on visit 2 (ΔR1ox-air = R1ox − R1air) 
was assessed in each patient individually using a two-sample Welch’s 
unequal variance t-test (a = 0.05). In addition, Pearson correlation was 
used to estimate the correlation between native R1 correlated with 
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ΔR1ox-air on either visit, or with ΔR1v2-v1. 
At the outset of this study, the analysis of whether native T1, R1 or 

ΔR1ox-ai related to or predicted the patient outcomes (complete response 
or relapse), however only 3/12 subjects did not respond to treatment, 
making it difficult to compare to the responder group (n = 9). The dif
ference between the R1 of the non-responder and responder groups on 
each visit was assessed using a two-sample Welch’s unequal variance t- 
test (a = 0.05). 

Results 

Resulting dataset & subject outcomes 

Out of the 12 patients (age range 50–74) included in the study, 
Supplementary Table S1 lists the resulting dataset of acquired T1 map 
ROI data that passed quality control. As perhaps a cautionary tale to 
future researchers groups, the following obstacles were faced: (1) VFA 
T1 mapping was removed from protocol to cut down on scan time; (2) 4/ 
12 MOLLI T1 maps at visit 1 were not useful due to patient motion 
causing the MOLLI slice to miss the tumour; (3) 8/12 MOLLI T1 maps at 
visit 2 were rendered unusable either from patient motion or the tumour 
ROI in the slice becoming very small (<50 voxels); (4) the T2* maps 

Fig. 1. The BIOPIC Trial Design. The imaging protocol was acquired while the patient was breathing air and 100% oxygen at both Visit 1 (prior to radiotherapy) and 
Visit 2 (after 10 of the 30 planned fractions of radiotherapy). 

Fig. 2. Bar graphs (A, B): The mean R1 of the tumour ROI in all patients, visit 1 and visit 2. Patients who responded to the radiotherapy over the trial (responders) are 
shown in grey, patients who did not respond to treatment (non-responders) are shown in red. The error bars indicate the standard deviation of the voxel values in the 
ROI. Box plots (C, D): Box plots of the mean R1 of the tumour ROI in each group (responders n = 9, non-responders n = 3), showing a significantly higher R1 in the 
non-responders at visit 1 (Welch’s t-test, two-tail p = 0.051) but no significant difference in R1 at visit 2. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the web version of this article.) 
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acquired contained artefacts, possibly due to air in the nasal cavities, 
and were not able to be included in the analysis. 

For the main analysis reported in this paper, the results from the 
analysis of the VFA T1 maps only are reported. This decision was made 
for two reasons: (1) the resulting dataset of VFA T1 maps was more 
complete for analysis, and (2) the VFA T1 maps captured the behaviour 
of the entire tumour, which is more indicative of the true tumour hyp
oxia status, while the single-slice MOLLI T1 maps captured only one slice 
of the tumour. A comparison of the T1 measurements provided by the 
MOLLI and VFA methods is beyond the scope of this manuscript and has 
been written up in a separate manuscript [44]. 

Native R1 – responders vs. non-responders 

The mean tumour native R1 measurements at visit 1 and visit 2 are 
shown in Fig. 2, with respective histograms shown in Supplementary 
Fig. S1. The non-responder group (n = 3, group mean = 0.56 ± 0.02 s− 1) 
had a lower mean native R1 than the responder group (n = 9, group 
mean = 0.71 ± 0.19 s− 1) (Welch’s t-test, two-tail p = 0.051). In visit 2, 
there was no significant difference in native R1 between groups (Welch’s 
t-test, two-tail p = 0.29). Although it has been suggested by Akber et al. 
[45,46] that tissue PO2 and longitudinal relaxation and correlates be
tween various organs, a number of other factors can influence the R1 of a 
tissue, such as tissue structures, the chemical environment, pH, and the 
presence of blood or fat. Therefore, native R1 may not be a reliable in
dicator of tissue PO2, however Cao-Pham et al. [36] have reported a 
general observation that a faster R1 corresponded to a more well 
oxygenated tumour tissue [36]. Consequently, this result could be 
interpreted as suggesting that the responder group contained more well- 
oxygenated tumour tissues (and hence faster R1) than the non-responder 
group at the initial visit prior to therapy. 

OE-MRI response 

Table 1 lists the main resulting statistics from the ROI analysis: 
image-derived parameters on visit 1 and visit 2 for each subject: mean 
R1 on air and 100 % oxygen inhalation, calculated ΔR1ox-air and ΔR1v2- 

v1. For each image, the descriptive statistics are reported fully in Sup
plementary Table S2 and the histogram distribution of tumour R1 values 
within the tumour ROI are reported in Supplementary Fig. S2. For 
visualization, the mean R1 in the tumour ROIs while the patient was 
breathing air versus 100 % oxygen for visit 1 and visit 2 are plotted in 
Fig. 3. Across subjects, the ΔR1ox-air did not correlate with native R1 on 
either visit (R2 = 0.16 and 0.10 for visit 1 and visit 2, respectively, 
shown in Supplementary Fig. S3). 

At baseline, prior to receiving radiotherapy (visit 1), there was a 
significant increase in R1 of the whole tumour ROIs across 3 out of 4 

patients who later responded to treatment (1/4 had no significant 
change). There was no significant change in tumour R1 in the one pa
tient who did not respond to treatment. After receiving 10 fractions of 
radiotherapy (visit 2), 3 out of 4 patients who responded to treatment 
showed a significant increase in tumour R1, 1/4 showed a significant 
decrease in tumour R1. The non-responder tumour ROI showed a sig
nificant increase in R1. These changes are shown in Fig. 3. 

R1 before and after treatment 

The mean R1 in the tumour ROIs on visit 1 vs. visit 2 is shown in 
Fig. 4 – no trend was seen between either group’s changes between 
visits. However, the change in native R1 before and after radiotherapy 
(ΔR1v2-v1) across all patients showed a weak linear correlation with 
baseline native R1 (Pearson correlation, n = 12, R2 = 0.42, Significance 
F = 0.02), in roughly 3 clusters: lower native R1 with an increase in R1 
at visit 2, a medium native R1 with little to no change in R1 at visit 2, 
and a faster native R1 with a decrease in R1 at visit 2. Notably, these 
clusters did not correlate with response groupings (non-responding vs 
responding). 

Discussion 

The objective of this study was to assess to what extent (1) native R1 
relates to patient outcome; (2) OE-MRI response relates to patient 
outcome; (3) changes in mean R1 before and after radiotherapy related 
to clinical outcome in patients with oropharyngeal squamous cell car
cinoma. Due to the radiotherapy being largely successful, only 3 patients 
did not respond to radiotherapy, making it difficult to statistically 
compare the non-responder and responder groups and properly assess 
the predictive nature of OE-MRI or R1 changes. As a result, this study 
reports the changes observed, but was unable to report any correlations 
of these changes to the cancer outcomes. Nevertheless, we have reported 
our observations, which are useful to contribute to the current 8 OE-MRI 
studies in human patients, only 3 of which examined concurrent 
radiotherapy response thus far. 

First, while the native R1 was not predictive of patient outcome, the 
responder group contained a faster R1 than the non-responder group at 
the initial visit prior to therapy, which is consistent with observations by 
Cao-Pham et al. [36] that a faster R1 corresponded to a more well 
oxygenated tumour tissue [36] and hence less likely to relapse. Second, 
it was not possible to assess the predictive nature of the OE-MRI 
response due to the small remaining sample size, however the major
ity (3 of 4) responders showed a positive ΔR1ox-air while the non- 
responder showed no significant change in ΔR1ox-air. This lack of 
oxygen-enhancement has been suggested to be indicative of a higher 
percentage of hypoxic region in the tumour: Salem et al. [18] recently 

Table 1 
Image-derived parameters from the VFA T1 maps on visit 1 and visit 2 for each subject: mean R1 (s− 1) on air and 100% oxygen inhalation, calculated ΔR1 (s− 1), and 
DCE-MRI parameters.    

Visit 1 Visit 2    

Oxygen-Enhanced MRI Oxygen-Enhanced MRI R1 change over Visit 1 – Visit 2 

Sub Resp R1 (s− 1) air R1 (s− 1) ox ΔR1 (s− 1) (ox-air) p-Value R1 (s− 1) air R1 (s− 1) ox ΔR1 (s− 1) (ox-air) p-Value ΔR1 (s− 1) (v2-v1) p-Value 

A 1  0.405 0.446 0.041 <0.0001  0.633 0.620 − 0.013 <0.0001  0.228  <0.0001 
B 0  0.566 0.566 0.000 0.94  0.776 0.813 0.037 <0.0001  0.210  <0.0001 
C 1  0.750 0.758 0.008 <0.001  0.766 0.749 − 0.017 <0.0001  0.017  <0.0001 
D 1  0.611 0.719 0.108 <0.0001  0.642 0.658 0.016 <0.0001  0.031  <0.0001 
E 1  1.079 1.078 − 0.001 0.91  0.818 0.833 0.015 <0.0001  − 0.261  <0.0001 
F 0  0.568 \ \ \  0.613 \ \ \  0.045  <0.001 
G 0  0.540 \ \ \  0.502 \ \ \  − 0.039  <0.0001 
H 1  0.542 \ \ \  0.530 \ \ \  − 0.012  <0.0001 
I 1  0.894 \ \ \  0.668 \ \ \  − 0.227  <0.0001 
J 1  0.678 \ \ \  0.725 \ \ \  0.047  <0.0001 
K 1  0.707 \ \ \  0.931 \ \ \  0.224  <0.0001 
L 1  0.711 \ \ \  0.986 \ \ \  0.274  <0.0001  
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reported 3 patterns of tumour response in their patients with non-small 
cell lung cancer: (1) a positive ΔR1ox-air with a similar magnitude as seen 
in the aorta ΔR1ox-air, which corresponded to containing no “Perfused 
Oxy-R” regions, (2) an overall ΔR1ox-air that is partially attenuated 
compared with the aorta ΔR1ox-air, which corresponded to spatially 
coherent regions of “Perfused Oxy-R”, and (3) a non-significant ΔR1ox-air 
response, which corresponded to a proportion of “Perfused Oxy-R”, 
which was found to correlate with hypoxia [18]. In visit 2, one of the 
tumours in the “responders” group showed a net negative ΔR1ox-air, 
which has been observed previously in tumours following a gas chal
lenge [9,11,13,17,32,34]. The source of the negative change in R1 is 
hypothesized to be due to paramagnetic deoxyhemoglobin [47]: prior to 
full oxygen saturation in the blood, the main source of R1 change is 
caused by changing levels of deoxyhemoglobin, since there is a linear 
relationship between the R1 of the blood and deoxyhemoglobin con
centration (hence inversely linear with SO2) [47,48]. Following full 
oxygen saturation, however – once deoxyhemoglobin levels no longer 
change – the paramagnetism of the dissolved oxygen is the dominant 
remaining effect on R1 change, and the R1 of blood increases linearly 
with increasing plasma PO2 [26,47,49], thus showing the expected 
positive oxygen-enhancement. Therefore, a negative ΔR1 has been 
interpreted as a sign of hypoxic tissue, since hypoxic tissue will have a 
high concentration of deoxyhemoglobin at baseline, and will then have a 
large increase in SO2 without a large change in dissolved oxygen levels 
[13,32]. 

In visit 2, the non-responder did show a positive ΔR1ox-air, unlike in 

visit 1. This positive ΔR1ox-air could be interpreted as a decrease in 
hypoxia in comparison to the visit 1, which is not consistent with pre
vious hypoxia studies using PET imaging that indicate that the persis
tence of hypoxia throughout chemoradiotherapy was more predictive of 
patient clinical outcome than the initial hypoxia levels [6,7]. However, 
well-perfused regions are not the only situation where a positive ΔR1ox- 

air has been observed – when paired with an positive ΔR2*, a positive 
ΔR1 has been found in tissues with high fluid content such as edema, 
necrotic areas and CSF [34,50]. Remmele et al. [34] hypothesized that 
this is due to perfusion with a greatly reduced number of erythrocytes 
(hence no decrease in R2* as expected from decrease in deoxy
hemoglobin), therefore resulting in dissolved oxygen being the domi
nant effect. Unfortunately, the T2* maps in this study were excluded due 
to artefacts, so it was not possible to discern the underlying source of this 
positive ΔR1ox-air observed in the non-responder, however this demon
strates the importance of the inclusion of other measurements in the MRI 
protocol such as R2*. Therefore, although this study contained a small 
sample size (n = 5, other published OE-MRI clinical data has contained 4 
[34], 5 [13], 6 [14], 7 [37], 7–9 [38], 10 [17], and 15 [18] subjects), the 
OE-MRI responses observed were consistent with the underlying OE- 
MRI theory and previously reported tumour OE-MRI responses. 

Over the years, OE-MRI studies have used a variety of methods to 
detect the change in R1 – some have used semi-quantitative signal in
tensity changes in T1-weighted imaging [12,19,35,51,52], and some 
have used quantitative T1 mapping methods such as inversion recovery 
[13,22,25,53–55], saturation recovery [56], VFA [11,17–19,39,50,57], 

Fig. 3. The mean R1 in the tumour ROIs while the patient was breathing air versus 100% oxygen for visit 1 (A, B) and visit 2 (C, D). Graphs (B) and (D) show the 
corresponding % change treating native R1 as baseline. The non-responder is marked in red. (For interpretation of the references to colour in this figure legend, the 
reader is referred to the web version of this article.) 

Fig. 4. The mean R1 in the tumour ROIs on visit 1 vs visit 2, (A) for the responder group and (B) non-responder group (in red). The error bars indicate the standard 
deviation of the voxel values in the ROI. Graphs (C) and (D) show the corresponding % change treating native R1 as baseline. (E) The change in native R1 before and 
after radiotherapy across all patients showed a weak linear correlation with baseline native R1 (Pearson correlation, n = 12, R2 

= 0.42, Significance F = 0.02). (For 
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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or Look-Locker variants such as MOLLI [28,34,38,58,59]. There are 
tradeoffs between T1 estimation accuracy and acquisition time between 
each of these methods, and some are known to overestimate (VFA) or 
underestimate (Look-Locker variants) the true T1 of the material [60], 
with inversion recovery being the ‘gold-standard’ technique. Applying 
OE-MRI into a clinical trial workflow heightens the importance of two 
relevant factors: acquisition time and patient motion. Patient motion is 
especially detrimental if the original region of interest moves out of the 
imaging field-of-view, which has also occurred in previous OE-MRI 
studies using 2D rather than 3D imaging techniques [38,61]. In this 
current study, patient motion was a nontrivial concern: patient motion 
in the z-plane occurred in 7/12 patients, resulting in the MOLLI T1 map 
capturing a different section of the tumour, rendering it unusable for OE- 
MRI analysis. Therefore, although MOLLI provides a rapid, accurate 
method for T1 mapping that is appropriate for applications such as 
cardiac imaging, 3D T1 mapping techniques are more appropriate for 
capturing OE-MRI response in tumours. Acquisition time was also a 
relevant issue for this cohort of patients, and as the study progressed, 
some patients needed shorter scan time and therefore some sequences 
(such as those necessary for VFA post-oxygen) were removed from the 
protocol in order to satisfy this, reducing our OE-MRI sample size. 
Overall, this study intended to test the feasibility of using OE-MRI in 
clinical head and neck cancers, and our experience suggests that there 
are several challenges to successfully obtaining OE-MRI measurements 
in this particular application. 

Most OE-MRI studies in tumours have traditionally reported changes 
in R1 across a whole tumour ROI, however some recent research has 
suggested that categorizing the fraction of voxels that do or do not show 
oxygen-enhancement may better capture the tissue heterogeneity in 
tumours – since some tumour regions show a positive ΔR1ox-air and some 
show a negative ΔR1ox-air [13,33], the net R1 response can cancel-out at 
the level of a tumour-wise measurement. Across different studies and 
research groups, a range of fractional measurements have been used: 
Linnik et al. [13] assessed the proportion of the tumour exhibiting a 
negative area-under-the-curve response in T1-weighted images; O’Connor 
et al [16] categorized voxels as oxygen-enhancing (“Oxy-E”) if the voxel 
delta R1 was positive and significant, and all other voxels as oxygen- 
refractory (“Oxy-R”), and used indicators of perfusion from DCE-MRI 
to distinguish between “perfused Oxy-R”, “non-perfused Oxy-R”, and 
“perfused Oxy-E” regions; and Fan et al [10] derived the percent signal 
intensity change (“PSIC”) from the T1-weighted OE-MRI response and 
calculated the percentage of tumour area with “high PSIC” (PSIC > 10 
%) and “low PSIC” (PSIC < 10 %). However, successfully obtaining a 
voxel-wise or fractionated measurement from OE-MRI requires highly 
reliable alignment of voxels between the air and oxygen images, which 
can be difficult to achieve: patients must breathe during the gas chal
lenge, images are acquired minutes apart, and therefore the patient may 
voluntarily or involuntarily move throughout the session. Aside from 
bulk patient motion, internal organs can move during the session as 
well, due to involuntary motion in the bowels or even swallowing and 
tongue position (relevant for oropharyngeal cancers, such as in this 
study), causing relative motion within the body frame which can be 
more difficult to correct reliably with registration than bulk motion. 
Therefore, future work may show that a more sophisticated analysis 
technique is able to extract voxel-wise or fractional measurements from 
this data, however this was beyond the scope of this proposed clinical 
trial analysis. 

Limitations 

In addition to the small resulting OE-MRI sample size, there are 
several limitations to this study. First, it would have been helpful to 
collect aortic PO2 measurements to confirm the expected increase in 
oxygen from the gas challenge. The information of blood oxygen levels 
after oxygen breathing is important for experiment reproducibility in 
further studies. In addition, in some visits, the acquisition of a B1 map 

was removed from the protocol due to the patient requesting less time in 
the scanner. The B1 maps are useful in VFA T1 mapping to correct for 
errors between the intended versus actual flip angle applied [62], and 
the removal of them in some visit protocol made it not impossible to use 
B1 correction in any T1 maps, likely resulting in less accurate T1 
measurements. 

Conclusion 

In conclusion, this study examined the feasibility of OE-MRI to 
provide indicators of tumour perfusion in patients with head and neck 
tumours. Due to the radiotherapy being largely successful, the sample 
sizes of non-responder groups were small, and therefore it was not 
possible to properly assess the predictive nature of OE-MRI. Neverthe
less, the results observed were consistent with the underlying OE-MRI 
theory and previously reported tumour OE-MRI responses. Altogether, 
these results suggest that further clinical OE-MRI studies to assess hyp
oxia and radiotherapy response are worth pursuing, and that there is 
important work to be done to improve the robustness of the OE-MRI 
technique in human applications in order for it to be useful as a wide
spread clinical technique. 
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