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Magnetic resonance imaging (MRI)-based tools and other technologies have enabled a profound
understanding of the role of the endothelium in cardiovascular diseases and risk in vivo. There is,
however, a need for reproducible and simple approaches for extracting quantifiable data
reflective of endothelial damage from a single imaging study. A non-invasive, easy-to-implement,
and quantitative MRI workflow was developed to acquire and analyze images that allow the
quantification of two imaging biomarkers of arterial endothelial damage (leakiness/permeability
and dysfunction). Here, the protocol describes the application of this method in the
brachiocephalic artery of atherosclerotic ApoE7- mice using a clinical MRI scanner. First, late
gadolinium enhancement (LGE) and Modified Look-Locker Inversion Recovery (MOLLI) T1
mapping protocols to quantify endothelial leakage using an albumin-binding probe are described.
Second, anatomic, and quantitative blood flow sequences to measure endothelial dysfunction,
in response to acetylcholine are described. Importantly, the method outlined here allows the
acquisition of high-spatial-resolution 3D images with large volumetric coverage enabling accurate
segmentation of vessel wall structures to improve inter- and intra-observer variability and to
increase reliability and reproducibility. Additionally, it provides quantitative data without the
need for high-temporal resolution for complex kinetic modeling, making it model-independent
and even allowing for imaging of highly mobile vessels (coronary arteries). Therefore, the
approach simplifies and expedites data analysis. Finally, this method can be implemented on
different scanners, can be extended to image different arterial beds, and is clinically applicable
for use in humans. This method could be used to diagnose and treat patients with atherosclerosis
by adopting a precision-medicine approach.

INTRODUCTION:

Cardiovascular diseases (CVDs) remain the leading cause of mortality and morbidity worldwide,
accounting for nearly one-third of deaths?, and the cause of lifelong disabilities that exert a high
financial cost on the healthcare systems!. Among CVDs, ischaemic heart disease and stroke are
primarily caused by atherosclerotic plaques. Atherosclerosis is a multifactorial disease; however,
a common hallmark is early damage of the vascular endothelial cells that lead to the formation,
progression, and eventual complications of atherosclerosis. An intact vascular endothelium has
fundamental vasculo-protective properties?. The endothelium regulates vascular permeability by
controlling translocation of cells and molecules between the systemic circulation and the vessel
wall; controls vascular tone by balancing the production of vasodilators (e.g., nitric oxide,
prostacyclin) and vasoconstrictors (e.g., endothelin-1, angiotensin Il); and also has anti-coagulant
properties. However, both the function and permeability of the endothelial cells can deteriorate
in the presence of cardiovascular risk factors (e.g., smoking, high cholesterol, diabetes, systemic
inflammation, oxidative stress) and by blood flow hemodynamic patterns. A dysfunctional
endothelium has reduced vasodilation in response to stressors, consequently increasing arterial
stiffness. In addition, a permeable/leaky endothelium has widened tight gap junctions between
adjacent cells3>~7. Such change occurs both on the luminal endothelium and newly-formed plaque
microvessels that appear fragile, leaky, and dysmorphic®. Permeable endothelial cells act as entry
points for plasma-borne molecules and cells—exacerbating the risk of cardiovascular disease.

Building on this knowledge, in the past 15 years, endothelial permeability and function has
emerged as a promising imaging and therapeutic target to better diagnose subjects at risk for
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cardiovascular disease and to assess the effects of known or novel drugs. However, direct and
quantitative imaging of endothelium function is limited®2, Currently, much of the interpretation
of endothelial function in vivo is based on studies of endothelial-dependent dilation (FMD) in
peripheral vessels whose function modestly correlates with atherosclerosis burden in vascular
beds that cause clinical events'3*>, Only a limited number of imaging studies have shown a direct
link between endothelial dysfunction and atherosclerosis burden in vivo® 2, Conversely, more
accessible MRI-based approaches have enabled imaging endothelial permeability more widely.
Using the percent vessel wall signal enhancement after administration of MRI gadolinium agents
has provided a semi-quantitative measurement of endothelial permeability!®!’. Later, the
development of dynamic contrast-enhanced (DCE) protocols has permitted an improved and
more quantitative measurement of vascular endothelial permeability. Quantitative parameters
such as the contrast extravasation rate (K®") and microvascular volume (Vp) derived from
kinetic modeling or the area under the curve (AUC), upslope, time to peak, and peak
concentration extracted from non-modeled methods correlated not only with endothelial
permeability but also plaque vascularity’®2°. However, the application of vascular DCE remains
challenging despite significant technical advances because: (i) it requires both high spatial (0.5—
0.7 mm?) and temporal resolution?! for accurate delineation of the vessel wall. Sampling the
concentration of contrast agent in the blood to calculate the arterial input function also requires
kinetic modeling, which leads to a trade-off of either limiting anatomical coverage???3 to gain
temporal resolution or vice versa?*?>; (ii) data analysis may require complex pharmacokinetic
modeling (e.g., Patlak vs. Tofts); (iii) provides limited image quality, poor scan-rescan
reproducibility, and average inter-observer and intra-observer variability?®?’. Therefore, there is
still a need for reproducible and simple approaches for extracting direct and quantifiable data of
endothelial permeability and (dys)function from single imaging studies that could have better
clinical utility.

Here, we have developed a non-invasive, easy-to-implement, and quantitative MRI to acquire
and analyze images that allows direct quantification of two markers of arterial endothelial
damage (leakiness/permeability and dysfunction) using preclinical models of atherosclerosis in a
single scan. The method is named Quantitative MRI of EndoThelial peRmeabllity and dysfunCtion
(gMETRIC). It involves the acquisition of late gadolinium enhancement (LGE) and Modified Look-
Locker Inversion Recovery (MOLLI) T1 mapping protocols to quantify endothelial leakage, after
administration of an intravascular albumin-binding probe; and acquisition of anatomic and
guantitative blood flow sequences to measure endothelial dysfunction, in response to an
acetylcholine bolus. We have demonstrated that gMETRIC accurately detects: the severity of
atherosclerosis and the risk of complications; treatment responses; and can be adapted for use
in patients®>”. Importantly, the method outlined here allows the acquisition of high-spatial-
resolution images to enable accurate segmentation of the vessel wall to minimize inter/intra-
observer bias and to increase reliability and reproducibility with large anatomical coverage.
Finally, this method can be adapted for use on different scanners and can be extended to image
different arterial beds (even coronary arteries?®). The straightforward workflow makes this
approach more accessible to the cardiovascular imaging community.

PROTOCOL:
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All components of this study were carried out in accordance with the UK Animals (Scientific
Procedures) Act, 1986, and with the approval of King’s College London Ethical Review Panel.
The experimental workflow is summarized in Figure 1.

1. Animal preparation

1.1.  Induce atherosclerosis by feeding ApoE”- mice a high-fat diet containing 21% fat from lard
and 0.15% (wt/wt) cholesterol on average for up to 12 weeks.

1.2. Load a 29 G needle insulin syringe with the right volume of the contrast agent
(gadofosveset trisordium) to achieve a dose of 0.03 mmol/kg. Keep the injection volume between

50-150 pL.

1.3.  Place the cage on a heating pad set to 37 °C to pre-heat the animal and maintain the body
temperature.

1.4. Induce anesthesia by placing the mouse in an induction box lined with absorbent tissues.
Adjust the flowmeter to 3%—5% of isoflurane at 1 L/min of O, for about 3—5 min.

NOTE: Ensure correct anesthesia depth by identifying the slowing breath rate, which should
decrease to less than 70 breaths per minute (bpm).

1.5. Confirm anesthesia using the toe pinch method (i.e., loss of withdrawal reflex to toe
pinch). Transfer the animal to a holder and insert its nose into a nose cone. Place the holder on

a heating pad to maintain the animals’ body temperature.

1.6. Maintain anesthesia, delivered through the nose, by setting the anesthesia airflow in the
holder to 1%—2% isoflurane at 1 L/min of O,

1.7.  Apply vet ointment on the animal’s eyes to prevent dryness while under anesthesia.

1.8.  Place the animal either prone or on its side and clean the tail with an alcohol swab. Locate
one of the two tail veins. If necessary, warm up the tail with a UV lamp to make the tail veins
more visible.

1.9. Insert the 29 G insulin needle parallel to the vein with the bevel of the needle facing up.
Gently inject the volume of the prefilled syringe containing gadofosveset trisodium. Ensure that
there is no bleeding at the injection site after withdrawing the needle.

1.10. Wait for 30 s for gadofosveset to circulate, and then transfer the mouse to the MRI bed.

2. Preparation of the MRI scanner (see Figure 1)

2.1. Cover the MRI table with absorbent tissues.
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2.2.  Place the MRIsingle-loop receiver coil on the MRI bed. Use a platform to raise the receiver
coil and avoid direct contact between the receiver coil and the MRI table.

2.3.  Secure the coil to the platform using surgical tape.

2.4.  Place and secure the tubing connected to a circulating heating pump around the coil and
set it to 37 °C to maintain the animal’s body temperature during imaging.

2.5. Place the anesthesia delivery tubing into the bore of the MRI scanner and tape it so that
the nose cone reaches the tip of the receiver coil where the animal’s head will be placed.

2.6. Turn on the in-bore camera to monitor the animal from the console room.

2.7. Inthe MRI console room, use the software interface to start a new study for the animal
(patient).
3. Animal positioning in the MRI scanner and monitoring (see Figure 2)

3.1. Transfer the anesthetized animal to the scanner room. Place the mouse in the prone
position on the receiver coil and ensure that its snout fits into the nose cone to maintain
anesthesia. Turn the anesthesia airflow to 1%—1.5% isoflurane at 1 L/min of O,.

3.2.  Ensure to place the animal on the MRI coil with its heart and neck regions located at the
center of the receiver coil.

3.3.  Secure the nose of the mouse into the nose cone, the abdomen, and the tail of the mouse
on the platform with tape.

3.4. Place four electrodes on the anterior and the rear paws, making sure that the palm of the
toes is completely open to record the electrocardiogram (ECG). Use ECG conductive gel on the
mouse’s paws before attaching the ECG pads to improve conductivity.

3.5. Ensure to use tape to firmly attach the electrodes to the platform.

3.6. Align the laser of the scanner’s bed with the base (proximal end) of the heart; use the
clavicle and anterior paw line as a landmark. Position the animal in the magnet’s isocenter using
an automatic MR table.

4, MRI image planning and acquisition

4.1.  Start a scout scan to run the standard calibrations for the MRI system.

4.2. Setthe monitoring equipment to detect the R-wave of the ECG. Adjust the thresholds for
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each mouse and within imaging sessions so that there is reliable triggering.

NOTE: The mouse heart frequency under deep anesthesia usually ranges between 400—-600 beats
per minute (bpm).

4.3.  Acquire a 3D gradient echo scan (GRE) to get multiplanar pilot images (scout images) to
plan the rest of the scans (see Table 1 for the MRI acquisition parameters and Figure 3 for
planning).

4.4. Identify the heart on the scout images, particularly on the coronal view, most easily by its
flow artifacts.

NOTE: If the images show the mouse is not well centered over the coil or the isocenter, retract
the bed and repeat positioning.

4.5. Plan a 3D contrast-enhanced MR angiography (MRA) scan (see Table 1 for scan for the
MRI acquisition parameters and Figure 3 for planning) in a transverse plane extending from the
base of the heart toward the neck and carotid arteries with an 8 mm field-of-view (FOV).

4.6. Use the maximum intensity projection (MIP) images to visualize the aortic arch,
brachiocephalic and carotid arteries and plan the subsequent late gadolinium enhancement
(LGE), T1 mapping, and cine scans (see Figure 3 for representative images).

NOTE: If the level of the imaging volume is not correct, repeat the acquisition by moving the slices
either proximally or distally.

4.7. MRI image acquisition to measure endothelial permeability.

4.7.1. Use the MIP and transverse MRA images acquired before to plan a single slice 2D-Look-
Locker (LL) acquisition perpendicular to the ascending aorta or carotid arteries (see Table 1 for
scan for the MRl acquisition parameters and Figure 3 for representative images).

4.7.2. Set the heart rate to 60 bpm when using a simulated ECG signal or set a blanking period
to ensure that the inversion recovery pulse between subsequent inversion recovery pulses is
1000 ms when using the recorded ECG signal.

4.7.3. Use the Look-Locker images to determine the optimal inversion time (TI) for blood signal
nulling required for the LGE scan.

4.7.4. LGE imaging: After 20—-30 min of injection of gadofosveset, and immediately after the LL
scan (described in steps 4.7.1-4.7.3) acquire an LGE scan using an inversion-recovery 3D fast
gradient echo sequence (see Table 1 for the MRI acquisition parameters and Figure 3 for
representative images).
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4.7.5. Planatransverse 3D fast gradient echo LGE scan to cover the base of the heart (to include
part of the aortic root), the brachiocephalic artery (between the aortic root to the subclavian
bifurcation), and part of the carotid arteries with an 8 mm field-of-view (FOV) in the foot-head
direction using the same geometry as for the MRA above (see Figure 3 for representative images).

4.7.6. Set the heart rate to 60 bpm, when using a simulated ECG signal, or set a blank period to
ensure that successive inversion recovery pulses occur at every 1000 ms for the LGE scan when
using the recorded ECG signal (as for step 4.7.2 above).

NOTE: This is important for consistent and heart rate independent recovery of the magnetization
between successive inversion recovery pulses.

4.7.7. Insert the T1 obtained from the Look-Locker into the LGE sequence under Contrast >
Inversion Delay.

4.7.8. T1 mapping imaging: Use a 3D fast gradient echo acquisition to acquire transverse T1
mapping images 45 min after injection of gadofosveset. Plan the sequence in the same
orientation and geometry as the LGE scan above (see Table 1 for the MRI acquisition parameters
and Figure 3 for representative images).

4.7.9. Set the heart rate to 120 bpm, when using a simulated ECG, or set a blanking period to
ensure that the inversion recovery pulse between the two imaging trains occurs at every 500 ms
when using the recorded ECG trace.

NOTE: The T1 mapping sequence uses two non-selective inversion pulses with inversion times
between 20-2000 ms, followed by eight segmented readouts for eight individual images. The
combination of the two imaging trains results in a total of sixteen images per slice with varying
inversion times. The images are automatically reconstructed on the scanner using a three-

parameter fit model. The equations used to generate the T1 parametric maps are:
-t

M,(t) = A— BeT1
T, =T; (B 1)
1 — 11 A

4.8. MRIimage acquisition to measure endothelial function

4.8.1. Prepare a solution of diluted acetylcholine in saline. Load a 29 G needle insulin syringe
with the right volume of solution to achieve (16.6 mg/kg). Keep the injection volume between
50-150 pL.

4.8.2. Using the transverse MRA and corresponding MIP images, place a transverse slice across

the brachiocephalic artery, between the aortic root and the subclavian bifurcation (Figure 3 for
representative images).
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4.8.3. Use a transverse 2D gradient echo (GRE) with retrospective ECG gating to acquire
temporally-resolved cine images of the brachiocephalic artery (see Table 1 for the MRI
acquisition parameters Figure 3 for representative images).

4.8.4. Adjust the number of maximum cardiac phases to the heart rate of each animal.

NOTE: Typically, 14 cardiac phases provide sufficient temporal resolution.

4.8.5. After acquiring the baseline images, enter into the MRI scanner room. While the mouse
is anesthetized in the scanner, gently inject acetylcholine intraperitoneally (IP). Avoid moving the
mouse on the coil.

4.8.6. Wait for 6-10 min for the heart rate to stabilize and repeat the acquisition.

4.8.7. At the end of the imaging procedure, return the mouse to its cage and place the mouse
on a heating pad to recover.

NOTE: Mice are recovered when they regain sufficient consciousness to maintain sternal
recumbency.

4.8.8. Export the acquired images in a digital imaging and communications in medicine (DICOM)
format and use an open-platform image analysis software.

5. MRI segmentation and data analysis (see Figure 4)

5.1. Dragand drop the Dicom files into the database of an open-platform software to load all
the images.

5.2.  Use the LGE images to visualize contrast uptake in the vessel wall and calculate the area
of enhancement as a surrogate marker of endothelial cell leakage.

5.3.  Select both the MRA and inversion recovery scans. Press Enter to load these images side-
by-side. Click on the small icon next to the scan name and drag and drop the MRA images onto
the LGE images.

5.4. Select the option Re-sample to re-slice the MRA images using the LGE images as a
reference to account for differences in slice thickness.

5.5.  Click on the small icon next to the scan name. Drag and drop the LGE images onto the
MRA images (as in step 5.4 above). From the menu, choose Image Fusion to overlay the LGE and

MRA images.

5.6. From the toolbar, click on 2D Viewer, and then choose 3D Position Panel. Use the buttons
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to manually correct for in-plane shifts to account for potential small displacements because of
animal respiration.

5.7. Use the Closed Polygon tool located in the toolbar to manually segment the visually
enhanced segment of the vessel wall. Use the co-registered MRA and LGE images to guide the
segmentation.

5.8. Segment all the LGE images that encompass the brachiocephalic artery.

NOTE: If the enhancement of the vessel wall has a diffused or patchy appearance, segment those
individually in each slice.

5.9.  Click on the Plugins button in the toolbar and choose ROI Tools, and then Export ROIs to
export the segmented area (mm?) for each region of interest (ROI) in a spreadsheet.

5.10. Sum the area of each slice to calculate the total area of enhancement in the
brachiocephalic artery in the spreadsheet.

NOTE: The total area of enhancement can be used as a quantitative marker of endothelial
permeability.

5.11. Use the T1 maps that are automatically generated on the MRI scanner computer to
calculate the mean T1 value of the vessel wall that reflects the amount of uptake of gadofosveset
into the vessel wall—this is another quantitative marker of endothelial permeability.

5.12. Loadthe MRA and T1 map images and follow a similar approach as described above (steps
5.3-5.9) to segment the vessel wall and extract the T1 values (ms).

5.13. In a spreadsheet, invert the T1 values and multiply by 1000 to calculate the relaxation
timeR1= 1/T1 in seconds. Calculate the mean R1 for all slices covering the brachiocephalic artery
in each animal.

5.14. Load the phase contrast angiography images and velocity maps to calculate the changes
in the area of the vessel and blood flow velocity, respectively, during the cardiac cycle.

5.15. Segment both the images acquired before and after injection of acetylcholine to calculate
endothelial-dependent vasoreactivity, a surrogate marker of endothelial (dys)function.

5.16. Use the semi-automated Grow Region tool available in the ROI tab or use the Closed
Polygon option available in the toolbar (as described in step 5.7) to segment the lumen area

(mm?) of the brachiocephalic artery in the angiography images.

NOTE: The semi-automated tool uses pixel thresholding to cluster pixels encompassing the blood
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pool based on their signal intensity.

5.17. Use the Close Polygon tool to segment the corresponding blood flow velocity encoded
maps to calculate the blood flow velocity (cm/s).

5.18. Export the lumen area (mm?) and blood flow velocity (cm/s) in a spreadsheet (as
described in step 5.9) and identify those that correspond to the end-diastolic (maximum area)
and end-systolic (minimum area) cardiac phases.

5.19. Use the tabulated spreadsheet to calculate the endothelium-dependent vasodilation
(calculate the percentage change in the end-diastolic (ED) lumen area and blood flow velocity
pre- and post-injection of acetylcholine). Use the following formulas:

(EDarea post — EDarea pre) N

100

%Aarea change= ED area pre

EDflow post — EDflow pre

%fiow change= EDflow pre

5.20. For each animal, tabulate the corresponding data derived from the LGE images, T1 maps,
and the acetylcholine test in statistical software for analysis.

REPRESENTATIVE RESULTS:

In this report, the application of a Quantitative MRI method is demonstarted to measure
EndoThelial peRmeabllity and (dys)funCtion (QMETRIC) in the brachiocephalic artery of
atherosclerotic ApoE”" mice. This method provides direct and quantifiable data of two markers
of endothelial damage — permeability and (dys)function, which can be extracted from in vivo
vessel wall scans acquired within a single imaging session. First, LGE are used to measure the area
of vessel wall enhancement (mm?3), and T1 (or R1) maps are used to quantify the relaxation rate
of the vessel wall (s!) after administration of gadofosveset, both surrogate markers of
permeability (see Figure 5 for representative results). The vessel wall R1 relaxation rate ranged
from2.42s1+0.3557t03.4551+0.5451t03.83s1+0.52 s at 4 weeks, 8 weeks, and 12 weeks
of a high-fat diet, respectively. Conversely, wild-type (R1 = 2.15 * 0.34 s!) and statin-treated
ApoE~~ (R1 = 3.0 + 0.65 s*) mice showed less enhancement. In ApoE”- mice fed with a high-fat
diet for up to 12 months, the study shows with histological analysis, Evans Blue dye, and electron
microscopy that endothelial permeability increases during atherosclerosis progression, which
was in agreement with increased LGE vessel wall volume, increased change in vessel wall R1
relaxivity, and paradoxical vasoconstriction after acetylcholine injection®. Conversely, statin and
other endothelium-targeting treatments decreased endothelial permeability and plaque size,
which was reflected in smaller LGE volume, lower R1 values>’, and improved vasodilation.
Mechanistically, gadofosveset binds reversibly to serum albumin. This results in a 5-6-fold
increase in the T1 relaxivity of the probe?°—making it detectable by MRI with high sensitivity.
Here, the study shows that bound to albumin, the uptake of the probe reflects endothelial
leakiness because it correlates with the uptake of Evan’s blue dye—a gold-standard ex vivo
method of quantifying endothelial leakage (Figure 5) — and wider tight gap junctions®. Secondly,
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a simple test is demonstrated to measure endothelial (dys)function, in response to acetylcholine.
In control vessels, acetylcholine causes endothelium-depended vascular relaxation leading to
increased arterial area/volume and blood flow. To measure endothelial (dys)function, ECG-
triggered angiography images acquired before and after administration of acetylcholine were
used. The study calculates the change in the end-diastolic (or volume) of the vessel lumen before
and after the administration of acetylcholine. It was found that, unlike normal vessels that
vasodilate in response to acetylcholine, atherosclerotic vessels demonstrate decreased
endothelial-dependent vasodilatory function that manifests either as a reduced change in vessel
area (or volume) or even paradoxical vasoconstriction of the vessel (Figure 5). Interestingly, statin
treatment improved vasodilatory properties of the endothelium?3.

FIGURE AND TABLE LEGENDS:

Figure 1: Workflow to image endothelial permeability and (dys)function in atherosclerotic
mice. (A-B) Mice are first anesthetized and then injected with the albumin contrast agent. (C)
Mice are then transferred onto an MRI coil, where ECG pads are used to monitor cardiac activity.
(D-E) MRI images are acquired to quantify endothelial permeability and (dys)function that are
subsequently analyzed using an open-platform software (created with BioRender.com).

Figure 2: Animal positioning and ECG monitoring to image endothelial permeability and
(dys)function using a clinical 3 Tesla MRI scanner. (A-B) The animal is positioned prone on a
surface coil and maintained anesthetized using inhalable isoflurane. Sandbags are used to
stabilize the imaging platform. (C—D) ECG pads are placed on the paws and connected to a clinical
ECG module to record cardiac activity.

Figure 3: MRI planning and acquisition of images to quantify endothelial permeability and
(dys)function in the brachiocephalic artery of atherosclerotic mice. (A) Scout images are
acquired to identify the anatomical region between the aortic root and the carotid arteries. (B)
The MR angiogram is used to visualize the vasculature and plan the subsequent scans. (C) Look-
Locker images are acquired at the level of the brachiocephalic artery to determine the suitable
time delay to null the signal from the blood in the subsequent later gadolinium enhancement
images (LGE). (D) LGE images provide a visual assessment of vessel wall enhancement. (E) T1
mapping is used to calculate the vessel wall relaxation rate that is indicative of the concentration
of gadolinium. (F) The endothelium-depended vasodilating properties of the vessel wall are
guantified after the administration of acetylcholine.

Figure 4: Image segmentation and analysis to quantify endothelial permeability and
(dys)function in the brachiocephalic artery of atherosclerotic mice. (A) The vessel wall is
manually segmented on the LGE images to quantify the area/volume of contrast uptake. (B) The
vessel wall is segmented on the T1 mapping to calculate the vessel wall relaxation rate. (C) The
vessel wall segmented on the MR angiograms and blood flow encoded images is used to study
the vasodilating properties of the vessel wall by calculating the changes in volume and blood flow
after administration of acetylcholine.

Figure 5: Quantitative imaging of endothelial permeability and (dys)function (QMETRIC) in
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atherosclerotic mice. (A) LGE images and R1 relaxation maps show increased uptake of the
albumin-binding contrast agent within the vessel wall during atherosclerosis progression and the
improvement after statin treatment. Imaging data are corroborated by the accumulation of
Evan’s blue dye, an albumin-binding dye, ex vivo. (B) Changes in the vasodilating properties of
the vessel wall, in response to acetylcholine administration, allow quantification of endothelial-
dependent vasodilation. Control vessels vasodilate, whereas atherosclerotic vessels
vasoconstrict in response to acetylcholine, suggestive of endothelial damage. Treatment with
statin improves endothelial damage. The terms “wks” and “HFD” in the figure represents “weeks”
and “high-fat diet”, respectively. This figure has been modified from Phinikaridou, A. et al.>.

DISCUSSION:

Determining vascular endothelial health is an attractive imaging biomarker that can potentially
be used to diagnose atherosclerotic-related risk and to monitor treatment effects. The gMETRIC
protocol outlined here can be used to reproducibly quantitate endothelial permeability/leakiness
and (dys)function in a comprehensive, fast, and clinically applicable MRI protocol. Such an
approach can provide a simpler alternative or complementary tool to existing DCE-MRI protocols
for quantifying endothelial permeability. It can also provide a non-invasive tool for direct
assessment of endothelial (dys)function in vascular beds, such as the coronary and carotid
arteries, instead of using either invasive techniques or surrogate measurements in peripheral
arteries that are less severely affected by the disease. Measuring endothelial permeability using
this method allows coverage of the aorta, the aortic arch, and the brachiocephalic and carotid
arteries at high spatial resolution (0.1 mm for the LGE images and 0.22 mm for T1 mapping) that
is crucial for accurate segmentation of the vessel wall in rodents. Analysis of the images can be
carried out using an open-source platform and requires only a simple segmentation of the vessel
wall without the need for complex pharmacokinetic modeling. Importantly, this protocol can be
adapted to be used in a number of different commercially available scanners and can be
extended to be used in different animal models and also humans. Although this protocol
describes the methodology using a clinical scanner setup, the MRI protocols can also be
implemented when using high-field small animal scanners. These scanners frequently offer
inversion recovery, T1 mapping, and angiography protocols that can be used or can be
programmed in collaboration with the scanner manufacturers.

To obtain accurate and reproducible results, particular attention should be paid to some critical
steps of the protocol. Firstly, when imaging small animals in a clinical scanner, suitable and
custom-made receiver coils are necessary to maximize the signal-to-noise ratio for high image
quality. The animal positioning on the coil is also crucial, avoiding separation and air-filled spaces
between the animal and the coil to improve the signal-to-noise ratio. For this reason, the
anatomical area of interest should be placed in the center of the coil, and then moved to the
isocenter of the magnet to expose them to the magnetic field with maximum homogeneity.
Secondly, a stable, strong, and accurate ECG signal is paramount for reliable imaging
triggering/gating. This is important for consistent excitation of the magnetization and the timing
of the image acquisition window at specific time points and for acquiring accurate time-resolved
images that include the end-diastolic phase for the functional test. Small animal pad-based or
needle-based electrodes are more suitable options when used at higher-field strength scanners,
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which are better shielded compared to clinical scanners. When these options are used at clinical
field scanners, the ECG cables need to be warped together to avoid the formation of resonant
circuits at the MRI Lamour frequency that may deteriorate the ECG signal during the pulse
sequence. Alternatively, we propose the use of the ECG module and pads used for human scans
with adjustment of the pad size to that of the mouse paw and extra stabilization of the pads with
tape to improve conductivity. Thirdly, when acquiring LGE images while the contrast agent is still
circulating in the bloodstream, it is crucial to choose the correct nulling time to efficiently
suppress the blood pool to delineate the vessel wall. A Look-locker sequence must be run before
every LGE sequence, and the inversion delay time needs to be adjusted accordingly. Fourthly, for
accurate and precise T1 mapping using a modified look-locker inversion recovery (MOLLI)
sequence, the proposed image acquisition scheme should be implemented to cover a range of
inversion delays ranging at least from 20 ms to 2000 ms to capture the short and long T1 species.
Lastly, segmentation of MRI data must be rigorous and strict criteria applied to avoid intra and/or
inter-observer biases in the area/volume and T1 value calculations.

Unlike DCE-MRI, the procedure described here does not provide kinetic data of the wash-in and
wash-out of the contrast agent in the vessel wall. Rather, it provides a snapshot of endothelial
permeability at a specific time point after injection of the albumin-binding contrast agent,
gadofosveset. However, the extracted quantitative data from these time-points highly correlated
with other albumin-dyes, such as Evan’s blue dye, which is considered a gold-standard to
measure endothelial permeability and increased endothelial gap-junction width. Mechanistically,
both the albumin-bound and unbound-fraction of gadofosveset are small enough to pass through
breaks in the endothelial junctions and lead to MRI signal enhancement. Additionally, it is
possible that the unbound-fraction may also bind to intraplaque albumin after it enters the vessel
wall and results in signal enhancement. It was observed that the relaxivity of the vessel wall is r1
=17 mmol/L/s, when gadofosveset is injected at a clinical dose. This value is closer to that
reported for the albumin-bound fraction (r1 =25 mmol/L/s) compared to the free-fraction (r1 =6.6
mmol/L/s)>?°.

Future applications of this imaging method include basic science studies in different animal
models and other arterial segments and the use of this method to assess for biological responses
to existing or novel pharmaceutical agents. Studies can be performed either cross-sectionally or
longitudinally to gather mechanistic and outcome data, respectively. The straightforward
workflow makes this approach accessible and clinically applicable for use in humans also.
Adaptation of this method for imaging human carotid and peripheral arteries is more imminent,
but the application of this method for imaging the coronary arteries requires further
advancements in image acquisition, reconstruction, and motion-correction that are currently
being developed3®31,
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Table 1

TABLE 1: MRI acquisition parameters
Scan / Sequence

Scout / pilot scan

MRA scan

Look-Locker scan

LGE scan

T1 mapping scan

Phase contrast angiography scan
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Acquisition parameters

3D, fast gradient echo

Transverse: FOV =50 mm x 27 mm x 14 mm, matrix = 96 x 52, in-plane resolution = 0.5 mm x
0.5 mm, slice thickness = 0.5 mm, TR/TE = 15/6.1 ms, flip angle = 30°, averages = 1

Coronal: FOV =200 mm x 102 mm x 14 mm, matrix = 336 x 173, in-plane resolution= 0.5 mm x
0.5 mm, slice thickness = 0.5 mm, TR/TE = 12/6 ms, flip angle = 30°, averages = 1

3D fast gradient echo, FOV =30 mm x 30 mm x 8 mm, matrix = 200 x 200, in-plane resolution
=0.15 mm x 0.15 mm, slice thickness = 0.5 mm, TR/TE = 15/6.1 ms, flip angle = 40°, averages =
1

2D fast gradient echo, FOV = 30 mm x 30 mm, matrix = 80 x 80, in-plane resolution = 0.38 mm
x 0.38 mm, slice thickness = 2 mm, TR/TE = 19/8.6 ms, TR between subsequent IR pulses =
1000 ms, and flip angle = 10°, averages = 1.

3D fast gradient echo, FOV =30 mm x 30 mm x 8 mm, matrix = 304 x 304, in-plane resolution
= 0.1mm x 0.1 mm, measured slice thickness = 0.5 mm, slices = 32, TR/TE = 28/8 ms, TR
between subsequent IR pulses = 1000 ms, and flip angle = 30°, averages = 1.

3D fast gradient echo, FOV =36 mm x 22 mm x 8 mm, matrix = 192 x 102, in-plane resolution
=0.18 mm x 0.22 mm, measured slice thickness = 0.5 mm, slices = 16, TR/TE = 9.6/4.9 ms, flip
angle =10°, averages = 1.

2D, fast gradient echo, FOV = 40 mm x 23 mm, matrix = 132 x 77, in-plane resolution = 0.3 mm
x 0.3 mm x 1 mm, TR/TE = 9.8/4.9 ms, flip angle = 30°, cardiac phases = 14, averages = 6, flow
velocity (foot-head direction) = 30 cm/s.
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Editorial comments:
Changes to be made by the Author(s):

1. Please take this opportunity to thoroughly proofread the manuscript to ensure that there
are no spelling or grammar issues.
Answer: We have performed a thorough spell check.

2. Please define all abbreviations during the first-time use.
Answer: We have defined all abbreviations at the point of first used.

3. Please format the manuscript as: paragraph Indentation: 0 for both left and right and
special: none, Line spacings: single. Please include a single line space between each step,
substep and note in the protocol section. Please use Calibri 12 points

Answer: We have complied with all formatting instructions.

4. JoVE cannot publish manuscripts containing commercial language. Please remove all
commercial language from your manuscript and use generic terms instead. All commercial
products should be sufficiently referenced in the Table of Materials and Reagents. For
example: OsiriX,

Answer: We have removed commercial language from the text.

5. Please revise the following lines to avoid overlap with previously published work: 148-
154,157, 188-189, 191, 198-200, 245-248, 272-274, 288-290, 408-414.

Answer: We have revised the sentences indicated above to avoid duplication with published
work.

6. Please ensure that the long Abstract is within 150-300-word limit and clearly states the
goal of the protocol.
Answer: The abstract is within the word limit and clearly states the Aim of this protocol.

7. Please ensure that all text in the protocol section is written in the imperative tense as if
telling someone how to do the technique (e.g., “Do this,” “Ensure that,” etc.). The actions
should be described in the imperative tense in complete sentences wherever possible.
Avoid usage of phrases such as “could be,” “should be,” and “would be” throughout the
Protocol. Any text that cannot be written in the imperative tense may be added as a “Note.”
Answer: We have complied with this request.

8. Please adjust the numbering of the Protocol to follow the JoVE Instructions for Authors.
For example, 1 should be followed by 1.1 and then 1.1.1 and 1.1.2 if necessary.
Answer: We have complied with this request.

9. The Protocol should contain only action items that direct the reader to do something.
Answer: We have complied with this request.

10. Please ensure that individual steps of the protocol should only contain 2-3 actions
sentences per step.
Answer: We have complied with this request.



11. Please ensure you answer the “how” question, i.e., how is the step performed?
Answer: We have complied with this request.

12. 1.2: Please include volume and concentration of the solution prepared?

We have change the sentence to read “Load a 29G needle insulin syringe with the right
volume of the contrast agent (gadofosveset trisordium) to achieve a dose of (0.03mmol/kg).
Keep the injection volume between 50-150ul”

13. Please use the degree symbol (°) and do not superscript 0 or O.
Answer: We have made the recommended change.

14. Anesthesia steps cannot be filmed.
Answer: We have removed this from the content to be filmed.

15. 4.1: How is this done?
Answer: We have changed the sentence to read “Run the standard calibrations for the MRI
system by starting a scout scan”

16. 5: How do you perform each step? Do you perform any button clicks, knob turns, etc? Do
you use any command lines? Please include all actions.

Answer: We have changed all relevant sentences in “MRI Segmentation and Data Analysis”
section to include specific instructions on how to perform this work in lines 275-338.

17. There is a 10-page limit for the Protocol, but there is a 3-page limit for filmable content.
Answer: Please highlight 3 pages or less of the Protocol (including headings and spacing)
that identifies the essential steps of the protocol for the video, i.e., the steps that should be
visualized to tell the most cohesive story of the Protocol.

Answer: We have condense the filmable content into 3-pages.

18. Please ensure all figures are referenced in order.
Answer: We have complied with this request.

19. Please ensure the results are described in the context of the presented technique. e.g.,
how do these results show the technique, suggestions about how to analyse the outcome,
etc. Data from both successful and sub-optimal experiments can be included.

Answer: We have complied with this request.

20. Please obtain explicit copyright permission to reuse any figures from a previous
publication. Explicit permission can be expressed in the form of a letter from the editor or a
link to the editorial policy that allows re-prints. Please upload this information as a .doc or
.docx file to your Editorial Manager account. The Figure must be cited appropriately in the
Figure Legend, i.e. “This figure has been modified from [citation].”

Answer: We have permission from the publisher to re-use content and we will upload the
document on the JoVE website at the time of resubmission.

21. Please include a title and a description of each figure and/or table. All figures and/or



tables showing data must include measurement definitions, scale bars, and error bars (if
applicable). Please include all the Figure Legends together at the end of the Representative
Results in the manuscript text.

Answer: We have added all the Figure legends at the end of the Representative Results
section.

22. Please do not abbreviate the journal titles in the references section.
Answer: We have changed the formatting as requested.

23. Figure 2: Please remove the commercial term shown on the scanner.
Answer: We have removed the commercial term from Figure 2.

24. Table 1: Please upload it as .xlsx file instead.
Answer: We have uploaded the table in an .xlIsx format

25. Please sort the materials table in alphabetical order.

Answer: We have changed it as requested.

Reviewers' comments:

Reviewer #1:

Manuscript Summary:

Measurements of endothelial dysfunction are highly relevant in the field of (pre-)clinical
atherosclerosis imaging, but robust protocols are indeed lacking. Therefore, this manuscript,
presented by an expert lab in this field, is a very valuable contribution to the existing
literature on this topic. The protocol is described in sufficient detail in order for others to
reproduce the methodology, including sequence parameters and specific timings of
individual sequences following contrast agent injection. Also, the use of open-source
software facilitates the analysis of the data. | have one major and a few minor comments
that the authors should consider to further improve the manuscripts.

Major Concerns:

1. The Introduction and final sentence of the discussion mention possible translational to
clinical studies, but this not substantiated by literature and | think this is very optimistic at
this stage. This reviewer believes the authors should present their protocol solely in the
context of preclinical imaging and that a limit clinical translation to the knowledge that can
be obtained from preclinical studies.

Answer: We thank the reviewer for this comment. We have changed the last sentence of
the introduction to read “The straightforward workflow makes this approach more
accessible to the cardiovascular imaging community” eliminating the statement that this
method is more clinically applicable. We have also deleted the last sentence of the
Discussion “Ultimately imaging endothelial permeability and function in a single scan may
allow diagnosis, guide treatment and monitor outcomes in patients at risk of atherosclerosis
using a precision-medicine approach”.

2. In the Results section, outcomes for R1 should also be presented quantitatively to give
the reader a feeling of the spread in R1 values that can be expected for a group if animals.
We have added the following sentence in the results section to give the range of R1 values.
“The vessel wall R1 relaxation rate ranged from 2.42+0.35 s to 3.45+0.54 s* to 3.83+0.52s!



at 4,8, and 12 weeks of high-fat diet, respectively. Conversely, wild-type (R1=2.15+0.34) and
statin-treated ApoE~~ (R1=3.0+0.65) mice showed less enhancement”.

Minor Concerns:

Step 4.1: Consider using 'calibrations' instead of 'adjustments'.

Answer: We have accepted the reviewer’s suggestion. The sentence now reads “Run the
standard calibrations for the MRI system by starting a scout scan”.

Step 4.2: A heart-beat of 300 beats/min at 37 degrees Celcius is quite low for mice.

Please consider changing this to 450-600 beats/min.

Answer: We thank the reviewer for this comment. We have changed the range to 400-600
beats per min.

Step 4A8: It is unclear why the heart beat has to be set to 60BMP. | assume this is because
the Look-Locker can only be executed in a 'cardiac triggered', although the acquisition is not
truly triggered to the mouse heartbeat. This can be clarified in the manuscript.

Answer: We thank the reviewer for this comment and we agree that the way it was written
might have been confusing. To address this comment we have change the sentence in
section 4.1.2 and 4.1.6 to read as “Set the heart rate to 60bpm, when using a simulated ECG
signal, or set a blanking period to ensure that the inversion recovery pulse between
subsequent inversion recovery pulses is 1000ms when using the recorded ECG signal”

Step 4B3: Considering imaging is performed on a clinical scanner, can retrospective gating
cope with the high heart rate of the mouse?

Answer: We thank the reviewer for this comment. To overcome limitations related to
increased heart rates in small rodents when using a clinical scanner we use a “patch” that
allows for heart rates higher than 250bpm and faster switching gradients.

Step 4.9: What if the system does not generate these maps. Can the authors mention the
equations (or refer to literature) needed to generate such maps for other users.
Answer: This is an important point and to address it we have added the following information

in section 4.1.9 “The equations used to generate the T1 parametric maps are:
-t

M,(t) = A— BeT1
T, =T; <B 1)
1 — 11 A

Step 5.5: Vessel wall segmentation in Osirix is not ideal because one is limited to using a
closed polygon shape as ROI. Ideally, inner and outer vessel wall contours are drawn,

from which the vessel wall ROI can be formed. Also, this is still a visual assessment. Please
include in the Discussion section how these steps can be made reproducible without
significant inter-user variability?

Answer: We agree with the reviewer that manual segmentation of the vessel wall depends
on a visual assessment and maybe user dependent. However, segmenting the inner and
outer contours does not always apply in cases when LGE images may show diffused/patchy
enhancement. For this reason, we stated in the Discussion lines 438-439 that “....rigorous



and strict criteria need to be applied in order to avoid intra and/or inter-observer biases in
the area/volume and T1 value calculations.”

Step 5.11: Why didn't the authors start by creating R1maps in the first place? In this way
mean R1 values can be directly calculated on a slice by slice basis or for the entire volume
immediately.

Answer: We agree with the reviewer’s point. Generation of R1 maps has however not been
implemented on the scanner computer yet. For this reason, we generated the R1 values
retrospectively by inverting the T1 values.

Discussion: "Determining vascular ... treat atherosclerotic-related risk", rephrase such that it
is clear that imaging markers are aimed at monitoring treatment effects.

Answer: We have revised the sentence to read: “Determining vascular endothelial health is
an attractive imaging biomarker that can potentially be used to diagnose atherosclerotic-
related risk and to monitor treatment effects.”

Discussion: Include a section in the Discussion that explains how the methodology would be
different when using high-field small animal scanners, which are more commonly used in
preclinical imaging than clinical scanner setups.

Answer: To address this comment we have added the following sentence in the Discussion:
“Although, we describe this methodology using a clinical scanner set up the MRI protocols
can also be implemented when using high-field small animal scanners. Theses scanners
frequently offer inversion recovery, T1 mapping and angiography protocols that can be used
or can be programmed in collaboration with the scanner manufacturers.”

Reviewer #2:

Manuscript Summary:

The manuscript by Dr. Phinikaridou and colleagues is a nice effort to collect and summarize
a body of work done by authors over more than a decade in this field. The manuscript
concisely and accurately describes important imaging protocols that will be helpful to
anyone working in the field of imaging of endothelium. Although supposed to be a
condensed summary of prior work with a focus on specific protocols, this reviewer feels that
there is a need for some editing that would make the manuscript sufficiently dissimilar from
previously published works (see below).

Major Concerns:
None

Minor Concerns:

Lines 76-77 are more similar than expected to that in previously published manuscript
doi/10.1161/CIRCIMAGING.116.004910

Answer: We have re-phrase this sentence to read as “However, both the function and
permeability of the endothelial cells can deteriorate in the presence of cardiovascular risk
factors (e.g. smoking, high cholesterol, diabetes, systemic inflammation, oxidative stress)
and by blood flow hemodynamic patterns.”



Lines 230-248 need some editing to be sufficiently original as compared to previously
published abstract at https://cds.ismrm.org/

Answer: We do not have access to the ismrm link but we have rephrased the sentences to
avoid duplications as requested.

Lines 408-419 are more similar than expected to that in previously published manuscript
DOI: 10.1161/CIRCULATIONAHA.112.092098

"revised November 2017" is indicated in the footer of the manuscript? Is this a part of
previous submission? Please explain.

Answer: We have deleted the footer “revised 2017”. This was part of the template we
revised from the JoVE and it is not part of a previous submission. We have also rephrased
the sentences between lines 408-419, to avoid similarities with our previous publication.
The section now reads as: “Mechanistically, both the albumin-bound and unbound-fraction
of gadofosveset are small enough to pass through breaks in the endothelial junctions and
lead to MRI signal enhancement. Additionally, it is possible that the unbound-fraction may
also bind to intraplaque albumin after it enters the vessel wall and result in signal
enhancement. We have observed that the relaxivity of the vessel wall is r1 =17 mmol/L/s,
when gadofosveset is injected at a clinical dose. This value is closer to that reported for the

albumin-bound fraction (r1 =25 mmol/L/s) compared to the free-fraction (r1 =6.6 mmol/L/s)
5,297
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