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Abstract

Purpose—To investigate Equilibrium contrast MRI (EQ-MRI) measurement of extracellular
volume fraction (ECV) within healthy abdominal tissues; and test the hypotheses that tissue ECV
in systemic amyloid light-chain (AL) amyloidosis is greater than in health; and that this increase
tracks organ amyloid burden.

Materials and Methods—A local ethics committee approved the study and all subjects gave
written informed consent. Forty healthy volunteers (18 male; 22 female; median age 43; range
24-88 years) and sixty seven patients with AL amyloidosis (43 male; 24 female; median age 65;
Range 38-81 years) underwent EQ-MRI of the upper abdomen. ECV was measured in the liver,
spleen and paravertebral muscle. Amyloidosis patients also underwent serum amyloid P
component (SAP) scintigraphy to score specific organ involvement by amyloid. Variation in ECV
between tissues was assessed using a Friedman Test. Tissue ECV in healthy and amyloidosis
groups were compared using a Mann-Whitney U test. Spearman correlation was used to test for an
association between organ SAP score and ECV.

Results—ECV measured by EQ-MRI varied significantly between organs in healthy volunteers
(x2=31.0, p<0.0001). ECV was highest in the spleen (0.34), followed by liver (0.29) and muscle
(0.09). ECV measured within the spleen (0.39), liver (0.31) and muscle (0.16) was significantly
higher (Pspieen<0.0001, P)jyer=0.0054, Pmyscle<0.0001) in patients with amyloidosis than healthy
controls. ECV measured in the liver and spleen tracked increasing organ amyloid burden assessed
by SAP scintigraphy (liver: r;=0.54; spleen: r;=0.57).

Conclusions—EQ-MRI can be used to define ECV within healthy tissues. ECV is increased in
amyloidosis compared with healthy tissues and this increase tracks rising tissue amyloid burden.

Correspondence address: Dr. James Moon, The Heart Hospital, 16 —18 Westmoreland St, London. W1G 8PH. United Kingdom.
james.moon@uclh.nhs.uk, Phone No: +44 203 4563081, Fax No: +44 203 4563086.
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INTRODUCTION

All multicellular organisms are composed of an array of metabolically active cells supported
by an extracellular framework. In health, this architecture provides the medium through
which cells exchange components necessary for intra cellular metabolism, and can
contribute, physically and metabolically, to the function of their constituent tissue. In disease
and senescence this alters. Cell injury and inflammation leads to fibrosis with expansion of
the interstitium and reduction in cellularity. This fibrosis can occur either focally, leading to
‘scar’ or diffusely affecting whole organs. Common examples of diffuse fibrosis that may
ultimately lead to organ failure include pulmonary fibrosis and liver cirrhosis.

The interstitium frequently plays a more substantial and often under recognized role in
disease. For example, in the heart, pathologists identify disease states such as ‘idiopathic
myocardial fibrosis’ (1) (2) that are virtually unrecognized clinically. One reason for this is
an inability to reliably and accurately quantify the interstitium. The reference standard of
invasive tissue biopsy is limited by its technical difficulty, complication rate, and sampling
error (3). This has led to the development of a number of non-invasive tests (4) including
biomarkers and tissue elastography (5) (6) (7), however these are frequently organ specific
or suffer from similar sampling error.

Recently new techniques have been developed for cardiac investigation based on
Cardiovascular Magnetic Resonance T1 mapping. One implementation, Equilibrium
Contrast CMR (EQ-CMR) (8) is based on 3 elements: administration of a purely
extracellular contrast agent such as Gadolinium (Gd-DTPA) to achieve equilibrium between
blood and tissue concentrations, thus eliminating the effect of contrast kinetics; imaging
before and after contrast equilibrium to measure the produced change in signal; and a blood
test to measure the extracellular volume fraction within blood. Tissue ECV can then be
simply calculated using the formula:

ECV = (1 - haematocrit) x (AR] +ARI

tissue blood)

where A R1=(1+T1)post contrast = (15 T1)pre contrast

This technique is currently being used to explore cardiac interstitial expansion in health and
disease (9) mainly by diffuse fibrosis, but also in cardiac amyloidosis where interstitial
expansion is caused by the deposition of extracellular amyloid fibrils. Interstitial expansion
here can be massive and difficult to measure — the only conventional non-invasive
quantitative test being serum amyloid P (SAP) scintigraphy (10) which does not work in the
heart (11).
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However when the heart is at contrast equilibrium, so too are other tissues excluding
privileged sites such as structures behind the blood:brain barrier. This raises the possibility
of extending the technique to EQ-MRI rather than simply EQ-CMR.

The purpose of our study was too to investigate Equilibrium contrast MRI (EQ-MRI)
measurement of extracellular volume fraction (ECV) within healthy abdominal tissues; and
test the hypotheses that tissue ECV in systemic AL Amyloidosis is greater than in health;
and that this increase tracks organ amyloid burden.

Materials and Methods

Local ethics committee approval was obtained and all participants provided informed written
consent.

Clinical Validation

Recruitment—Healthy volunteers were recruited as part of on going studies looking at
ECV in health and disease at our institution. Amyloid patients were recruited specifically for
this and a parallel study examining EQ-CMR in the heart (results published elsewhere (12)).
Recruitment took place between November 2010 and January 2012. Forty healthy volunteers
(18 male; 22 female; median age 43; range 24-88 years) were recruited through advertising
within the hospitals, university and general practitioner surgeries. Healthy subjects had no
previous history of cardiac or liver disease.

Consecutive patients with systemic AL amyloidosis (n=90) were identified from the
National Amyloidosis Centre clinic. Inclusion criterion was biopsy proven AL amyloidosis
demonstrated by Congo red and immunospecific staining. Biopsies were from various sites
including kidney, heart, liver and soft tissue depending on the individual patient’s clinical
presentation.

Exclusion criteria were renal impairment defined as an estimated glomerular filtration rate
(eGFR) <30ml/min or a contraindication to standard MRI. 18 patients were excluded due to
abnormal renal function, 4 had pacemakers, and 1 suffered with claustrophobia. The
remaining 67 patients (43 male; 24 female; median age 65 years, range 38-81) were
recruited to the study. Subjects in the amyloidosis group contained a greater proportion of
men and were on average older (P<0.0001) than the healthy volunteer group.

EQ-MRI ECV Measurement—EQ-MRI was performed using a 1.5T magnet (Siemens
medical solutions, Avanto, 16 channel coil). T1 was measured using an inversion recovery
technique previously used and validated by Flett et al (8). This is a multi-breath-hold,
spoiled gradient echo, fast low angle shot (FLASH) inversion recovery (IR) sequence with
the following parameters: slice thickness 8mm, TR 2000ms, TE 3.15ms, flip angle=21°,
field of view 400x260mm, increasing inversion times (TI) per breath-hold of 140 ms, then
200 to 1000 ms in 100-ms increments subsequently corrected for repeat time (8) — table 1.

Immediately prior to the EQ-MRI a sample of blood was drawn and sent for complete blood
count (CBC) analysis, and the subject briefed on consistent breath holding. A member of the
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research team used axial, saggital and coronal plane localisers to plan an axial slice through
the upper abdomen to include the greatest area of liver and spleen. Pre-contrast FLASH
images were acquired at this location for T1 measurement with inversion times increasing
from 140 to 200ms and then to 2000ms in 100ms increments.

A bolus and infusion of contrast was then administered to achieve equilibrium using
parameters validated previously (8). As static steady state using this protocol had been
previously verified only in the heart, we performed a preliminary experiment to confirm that
the bolus plus infusion parameters produced static contrast equilibrium in other organs — see
appendix 1. A bolus of 0.1 mmol/kg Gd-DTPA (Dotarem; Guerbet) was used with a 20ml
normal saline flush at 3ml/s, after which the subject was allowed to leave the scanner table
to sit in a chair. Following a 15-minute pause, an infusion of Gd at 0.0011 mmaol/kg/min
(equivalent to 0.1 mmol/kg over 90 minutes) was started. At 45 to 55 minutes post bolus, i.e.
during contrast equilibrium (EQ), the patient was returned to the scanner and a further set of
FLASH images acquired for T1 measurement (T1 200 to 600ms) at a similar location to the
pre-contrast images (Fig 1). Matching of slice locations was done visually by the
supervising research team member (S.M.B,) — a cardiologist with 4 years experience in
cardiac imaging. Mean tissue T1 relaxation time was then measured within the selected
tissues at both time points as described below. Scan analysis was performed by a radiologist
(S.B.) with 6 years experience who was blinded to all clinical data. Region of interest (ROI)
analysis was performed using OsiriX (Pixmeo SARL, Switzerland). Beginning with the
equilibrium phase data, the image with the greatest soft tissue contrast was visually selected.
Single ROIs were then drawn in each of the 4 tissues of interest. A circular ROI was drawn
in the abdominal aorta (mean=136mm2, range 81-358mm2) so as to include the greatest area
of lumen, but not include aortic wall — frequently thickened by atheroma. In the liver, a
single large peripherally based, wedge shaped polygonal ROl was drawn in liver segment 6
and 7 (mean= 2938mm?, range 1268-3281mm2) so as to include the maximum area of liver
tissue but avoid visible hepatic and portal veins. Elliptical ROls were also drawn in the
spleen (mean= 672mm?2, range 213-842mm2) and paravertebral muscle (mean= 92mm?,
range 35-104mmz2) to include the maximum area of tissue and void adjacent vessels and fat
(fig 2). The 4 ROIs were then copied to the other EQ phase FLASH images and mean signal
intensity within each tissue at each inversion time recorded. Mean tissue signal intensities
were then plotted against inversion time. The inversion time producing the lowest signal
intensity was identified and the sign of signal intensities plotted to the left of this point made
negative. This allowed reconstruction of the full range of the T1 signal intensity inversion
recovery curve. A second-order polynomial curve-fitting technique was used to find the null
point (Fig 3). A previously validated (8) algorithm was then used to correct for incomplete
longitudinal recovery giving a corrected T1.

Following measurement of tissue T1 at the EQ phase, ROIs were copied to the pre-contrast
images with manual adjustment of the ROI position where needed.

Where an organ was incompletely scanned on either phase, or images degraded by breathing
or wrap around artefact such that measurement of reliable signal intensity was deemed not
possible by the observer, data for the organ in that individual was excluded.
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Using the pre-contrast and EQ phase mean T1 relaxation times, and hematocrit measured
from the CBC, ECV fraction within each tissue was calculated using the formula: ECV =
(1-haematocrit) x (A Rltissue = A Rlpiood)

where A R1=(1+T1)gq phase = (1+T1)pre contrast

SAP Scintigraphy—All patients with amyloidosis underwent amyloid | 123-labelled SAP
scintigraphy (13) as part of their routine assessment at the National Amyloidosis Centre.
SAP imaging was performed within 8 weeks of the EQ-MRI. Anterior and posterior whole
body images and were acquired using a GE Infinia gamma camera and medium energy
collimator, 24 hours after administration of 200 MBq 123]-SAP.

Total body, liver and splenic amyloid burden were scored by visual assessment (0=no
involvement; 1=small; 2=moderate; 3=large) (14) by a single physician (PH) with over 25
years experience in SAP imaging.

Statistical analyses—The Prism statistical package: version 5 (Graphpad Software Inc.,
San Diego, CA) was used for all data analysis. Normal distribution was assessed using the
Kolmogorov-Smirnov test. Variation in ECV between matched organs was assessed using
the Friedman test for both the healthy subjects and patients with amyloidosis.

Liver, spleen and muscle ECV measurements in healthy volunteers followed a non-Gaussian
distribution and were compared with those in the amyloidosis population using a Mann-
Whitney U test.

Variation in ECV across SAP scores was assessed using a Kruskal-Wallis test for both the
liver and spleen. In order to examine for an association between ECV and SAP score in the
liver and spleen we performed Spearman correlation analysis, computing a one tailed P-
value to assess significance.

EQ-MRI was attempted in all 40 volunteers and 67 amyloidosis patients but due to scan time
limitations, patient discomfort, breathing and wrap around artefacts and previous surgical
resections complete imaging was available for the liver, spleen and paravertebral muscle in
35, 32 and 34 healthy volunteers; and 56, 48 and 53 amyloidosis patients respectively.
Imaging of all 3 tissues was available in 30 healthy volunteers and 46 amyloidosis patients.

EQ-MRI demonstrated a significant difference (p<0.0001) in median ECV between healthy
liver, spleen and paravertebral muscle (median[IQR]= 0.29[0.27-0.33], 0.34[0.32-.35] and
0.09[0.08-0.14] respectively, figure 4).

In amyloidosis the median ECVs also varied significantly (p<0.0001) between liver, spleen
and paravertebral muscle (median[IQR]= 0.32[0.28-0.37], 0.39[0.35-0.51] and
0.16[0.13-0.22] respectively). There was a statistically significant (Pspjeen<0.0001,
Pliver=0.0054, Pruscle<0.0001) increase in the ECV of all organs in the amyloidosis group
compared with health volunteers (figure 5).
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56 patients underwent matched liver EQ-MRI ECV measurement and SAP scintigraphy. 16
of these cases were excluded - in 15 cases SAP imaging demonstrated a congested liver
pattern, i.e. an increased blood-pool signal associated with cardiac failure, and in 1 case
localization of the tracer was equivocal. 29 patients scored 0 on SAP; 5 scored 2 and 6
scored 3.

48 patients underwent matched splenic ECV measurement and SAP scintigraphy. 6 cases
were excluded as SAP activity was scored as equivocal. 22 patients scored 0 on SAP; 8
scored 1; 7 scored 2 and 5 scored 3.

There was a significant difference in ECV between SAP scores in both the liver (P=0.0005)
and spleen (P=0.0014). ECV increased with SAP score in both the liver and spleen. There
was a positive correlation between ECV and SAP score in both the liver (r4=0.54,) and
spleen (rg=0.57, figure 6).

Discussion

In this study we have used EQ-MRI to define ECV in healthy tissues; and document
variation in ECV between tissues. Such data is vital if ECV is to be used to detect
pathological processes. We have then shown significant differences in a disease process that
exemplifies expansion of the extracellular space - systemic AL amyloidosis. This provides
strong proof of concept that the equilibrium techniques can be successfully applied outside
the heart.

Although evidence exists that changes in the extracellular space may be a useful indicator of
disease severity and treatment response (15), few existing techniques are able to quantify
this space.

The ideal comparator for this study would have been histological assessment of the
extracellular space. Histological techniques do exist to quantify extracellular collagen
matrix; and applied to the liver, automated collagen proportionate area measurement has
shown good association with other indices of diffuse liver fibrosis (16). However collagen
proportionate area measurements in the healthy liver are in the order of 2-3% (17) — much
lower than our ECV estimate. This difference is likely to be due to the fact that the
extracellular collagen matrix occupies only part of the extracellular space within the liver.
Current histological techniques are unable to directly measure the ECV as the process of
tissue sampling and preparation almost certainly alters tissue ECV.

As many pharmaceutical products distribute exclusively within interstitial space, some
pharmacokinetic model based ECV estimates exist. Levitt (18) collected data from earlier
experiments to produce a physiologically based pharmacokinetic model; estimating the EC
fraction in organs of a hypothetical standard human. He estimated the EC fluid fraction with
the liver and muscle to be 0.23 and 0.15.

DCE-MRI has been used more recently to quantify the extracellular space and evaluate
changes in response to treatment using a tumour disease model (19). DCE-MRI is however a
complex technique, prone to substantial measurement error and application is limited to only
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one tissue site (20). A direct comparison of EQ-MRI and DCE-MRI ECV quantification has
yet to be made, however other authors using DCE-MRI have reported ECV in the healthy
liver as 0.2-0.3 (15) and skeletal muscle as 0.106-0.115 (21). The estimates of ECV from
pharmacokinetic modelling and DCE-MRI are broadly consistent with each other, and with
our EQ-MRI results.

In this study, comparison is made with a disease specific in vivo probe for extracellular
(amyloid) protein deposition. Serum amyloid P component scintigraphy is the current
reference standard method for evaluation of systemic amyloidosis and has enabled wider
assessment of organ amyloid involvement. Unlike histology, it can be used to track changes
in whole organs over time. These results demonstrate that an increase in tissue amyloid
burden assessed by SAP scintigraphy is associated with an increase in tissue ECV. EQ-MRI
may then provide a useful non-invasive tool for amyloid assessment and potentially
therapeutic monitoring.

Disease evaluation and quantitation using SAP scintigraphy however requires specific
expertise and is only available in highly specialized centres. The high atomic mass of the
SAP molecule (125 kDa) also favours evaluation in tissues with a fenestrated endothelium
(such as the liver and spleen), where the large molecule is able to pass into the interstitium.
Hence SAP scintigraphy provides little information about amyloid deposition in tissues such
as skeletal muscle and myocardium.

This study had several limitations. The FLASH IR based T1 mapping technique used was
complicated, time consuming and prone to error. To minimise possible variation in slice
position during the multi breath hold acquisitions, careful subject coaching was necessary.
Other sources of error were copying of ROIs, which required individual adjustment; and the
restoration of signal intensity phase around the null inversion time, which was subjectively
assessed to match the curve fit. Technical improvements in T1 mapping, for example the
‘Shortened Modified Look Locker Inversion recovery’ sequence (22) allows faster and more
robust tissue ECV mapping; albeit within a single slice per breath hold. Although the bolus
plus infusion protocol used in this study provided a steady state equilibrium in all tissues of
interest, prolonged contrast infusions are not practical for clinical imaging. Preliminary
experimental findings concur with other authors (8) in showing steady state equilibration is
reached approximately 15 to 20 minutes after administration of contrast bolus plus infusion.
Future protocols may then incorporate equilibrium phase imaging after a shorter delay than
was used here. In rapidly equilibrating tissues such as the myocardium, a bolus only
dynamic contrast equilibrium approach can be used to estimate ECV with even shorter scan
times (23). EQ-MRI evaluation of ECV is also not specific to disease aetiology. As well as
amyloid deposition and diffuse fibrosis, tissue ECV may be elevated by interstitial edema or
an inflammatory infiltrate. Although these potential confounders could not be specifically
excluded in this study, cases demonstrating a congested pattern of activity on SAP
scintigraphy were excluded from the SAP/ECV correlation.

It is noted that healthy volunteer and amyloidosis patients groups were not age and gender
matched. Sado et al. (24) showed that mean myocardial ECV in healthy females was 4%
higher than in healthy men; with no change with age. This has not been assessed in other

Radjiology. Author manuscript; available in PMC 2019 April 26.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Bandula et al.

Funding

Page 8

organs. In this study, the higher female proportion in the healthy group M(18):F(22)
compared with the amyloidosis group M(43):F(24) may have reduced the difference in mean
ECV measured between these groups. In order to minimise such bias, future studies should
ensure that groups are gender matched.

Having assessed EQ-MRI in one disease, it is worth noting that amyloidosis forms part of a
larger set of conditions where EC disruption and expansion leads to organ dysfunction.
Diffuse fibrosis is a ubiquitous process of interstitial collagen deposition, occurring in
response to diffuse tissue injury as well as in senescence. Many of the conditions where this
process can be identified histologically; for example diffuse myocardial fibrosis and liver
cirrhosis, have huge population significance. The application of EQ imaging in these organs
could potentially provide a new biomarker for disease evaluation.

This work was undertaken at the Comprehensive Biomedical Research Centre, University College Hospital London,
which received a proportion of the funding from the National Institute for Health Research. The views expressed in
this publication are those of the authors and not necessarily those of the UK Department of Health

This article/paper/report presents independent research funded by the National Institute for Health Research
(NIHR). The views expressed are those of the author(s) and not necessarily those of the NHS, the NIHR or the
Department of Health.

S.B. is funded by a National Institute for Health Research, UK Doctoral Research Fellowship.

APPENDIX 1: Confirming Steady State Equilibrium

Previous studies have confirmed contrast equilibrium within the myocardium. Before
applying the EQ technique to other organs we performed a preliminary experiment to test if
the Gd bolus plus infusion (B/I) protocol described (8) would also produce contrast
equilibrium within the liver, spleen and muscle.

2 healthy volunteers (both male; aged 35 and 42 years) were given a bolus of 0.1 mmol/kg
Gd-DTPA (Dotarem; Guerbet) with a 20ml normal saline flush at 3ml/s. After a 15-minute
pause, an infusion of Gd at 0.0011 mmol/kg/min (equivalent to 0.1 mmol/kg over 90
minutes) was started.

For comparison a further healthy volunteer received only a bolus of 0.1 mmol/kg Gd-DTPA
with a 20ml normal saline flush at 3ml/s.

MRI was then used to measure the change in tissue signal intensity for a period of 55
minutes from the point of bolus injection:

Axial, sagittal and coronal plane localisers were used to plan an axial slice through the lower
abdomen to include the largest section of liver and spleen and a 4 chamber view of the heart.
For rapid within-subject T1 measurement, a TI (time to inversion) scout steady-state free
precession sequence was used (TR=1.27; TE=1.27ms; slice thickness 8mm, flip angle 30°;
Tl= 105 to RR interval) to measure T1” (TI prime, the T1 without heart rate or readout
correction (i.e. a reliable reflection of intrasubject T1 variation over time), at the selected
slice every 5 minutes. TI” signal intensity was measured within regions of interest (ROI)
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drawn in the blood, myocardium, liver and biceps muscle (see EQ-MRI ECV measurement
for ROI drawing method). Steady state was defined within a tissue as a variation in signal
intensity of less than 5% between 3 consecutive T1” readings.

In our preliminary experiment, contrast equilibrium was achieved in the liver, biceps muscle,
blood and myocardium in both volunteers with bolus and infusion by 25 minutes. In
comparison, the volunteer given only a bolus of contrast failed to reach equilibrium within
the blood, muscle and myocardium. After a steep fall immediately following the contrast
bolus injection, T1” rose steadily back towards its pre-contrast value. A similar pattern was
seen in the liver but the increase was slow compared to other organs, and from 25 minutes
the change in T1” was less than 5% between consecutive time points — Fig A-1.
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FigureA.1. Blood and tissue TI” measured following (1) contrast bolusonly in a xx year old
healthy male and (2) bolus plusinfusion from t=15minsin a xx year old healthy male.

The plot demonstrates the effect of the infusion on T1” — which directly relates to T1 and
therefore maps contrast concentration change over time.
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Advancesin knowledge

1 Equilibrium MRI can measure extracellular volume fraction (ECV) in various
tissues including the liver, spleen and muscle

2. ECV increases with amyloid tissue burden assessed by serum amyloid P
component (SAP) scintigraphy (liver: rs=0.54, p<0.0001; spleen: rg=0.57,
p<0.0001).

Implications for patient care (up to 3)

EQ-MRI may provide a useful tool for diagnosis and treatment monitoring in diseases
which induce diffuse fibrosis or amyloid deposition

EQ-MRI may represent an alternative to invasive tissue biopsy for tissue evaluation when
tissue sampling is technically difficult or associated with substantial risk — for example in
the heart or in patients with a coagulopathy.

Summary Statement

EQ-MRI can be used to define ECV within healthy tissues. ECV is increased in
amyloidosis compared with healthy tissues and this increase tracks rising tissue amyloid
burden.
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Figure 1. Schematic of the EQ-MRI scan protocol - including time segments for pre and post
contrast clinical sequences, which would beincluded in a full clinical scan but were not part of
the experimental protocol
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Figure 2. Pre contrast axial image (T1=800ms) showing example regions of interest drawn within
the abdominal aorta, spleen, liver and paravertebral muscle
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Figure 3. FLASH images acquired at increasing inversion times and tissue signal intensity
plotted with phaserestored

From the inversion recovery curves, change in TI” can be determined, allowing ECV for
that tissue to be calculated.
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Figure4. Tissue ECV (median and IQR) in healthy volunteers
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Figure 5. Comparison of healthy subjects and amyloidosis patient ECV (median and IQR)
measured in theliver, spleen and paravertebral muscle
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Figure 6. ECV (median and SD) by SAP scorein theliver and spleen demonstrating increasing

ECV with SAP
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Table 1
Summary of MRI sequence parameters

FLASH GRE
TR 2000ms
TE 3.15ms
Flip angle 21°
FoV read 400mm
FoV phase 260mm
Slice thickness | 8mm
Inversion times | 140, 200-1000ms
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