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Synthetic extracellular volume fraction—state of play
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Cardiac function is determined by an interplay be-
tween myocardial cellular and interstitial compo-
nents. Remodelling of the extracellular matrix (ECM)
is a continuous, dynamic process occurring in health
and disease, including adaptive and adverse remod-
elling. The advent of cardiovascular magnetic reso-
nance (CMR) offered first accurate quantification of
ventricular geometry and function, later myocardial
tissue characterization for focal fibrosis (with late
gadolinium imaging) and now quantification of dif-
fuse ECM expansion (diffuse fibrosis or infiltration)
by T1 mapping via the extracellular volume fraction
(ECV) technique [1]. The ECV technique is a promis-
ing imaging biomarker [2], and has clear benefits
in infiltration, particularly amyloidosis, but also for
diffuse fibrosis with early data suggesting that ECV
is a prognostic indicator with a power equivalent to,
but independent of that delivered by another com-
mon biomarker, the left ventricular ejection fraction
(LVEF) [3]. T1 mapping measures the longitudinal re-
laxation time, which is altered by myocardial fibrosis,
edema, iron overload and infiltrative diseases, such as
amyloidosis [1]. After administration of a gadolinium-
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based extracellular contrast agent, T1 is shortened.
The ECV is derived from the ratio of changes in signal
in myocardium and blood precontrast and postcon-
trast. Because the contrast partitions the extracellular
space (between myocytes and between red cells, re-
spectively), the ratio of signal change in blood and
myocardium is the ratio of the extracellular water in
the two compartments. ECV can be simply calcu-
lated, integrating blood extracellular water into the
equation (=1 minus hematocrit). This step adds value,
but slows clinical adoption, because a blood test and
post-processing is required.

Recently, we developed a new approach that quan-
tifies ECV without the hematocrit (Hct) [4]. It has
long been established that blood T1 is higher in ane-
mia (technically, R1, the inverse of T1 is proportional
to blood Hct) [5]; therefore, a synthetic Hct and syn-
thetic ECV can be derived. This we found was highly
correlated to conventional ECV, the histologic gold
standard collagen volume fraction and predicted out-
come. Because pre-T1 maps and post-T1 maps can
be co-registered, and blood is detectable (blood goes
from longest T1 to shortest T1 before to after contrast),
we could implement an inline tool on a clinical CMR
scanner creating an immediate ECV map [4]. The syn-
thetic technique has been reproduced by Fent et al.
on different CMR vendor platforms at 1.5 and 3.0 T
[6], but Raucci et al. raised concerns over the poten-
tial miscategorization of individual patients with this
approach [7].

In this current work Kammerlander et al. validated
the synthetic ECV methodology from an experienced
center in Vienna where they have a T1 mapping reg-
istry of 513 consecutive patients. Their methodology
was sound: venous Hct was measured just before the
CMR scan. They used a slightly different T1 map-
ping sequence (sampling scheme in heartbeats rather
than seconds). They used a derivation cohort of 200
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to derive a local blood R1 to hematocrit equation. As
found previously, synthetic Hct was moderately cor-
related with actual Hct (R = 0.55), but synthetic ECV
highly correlated (R = 0.96) with actual ECV. On Bland-
Altman analysis, the mean difference was 0.007% with
limits of agreement between –4.32 and 4.33% for ECV
and –0.216% with limits of agreement between –8.34
and 7.91 for Hct. The authors therefore concluded
that the synthetic ECV methodology is translatable to
other centers, but as highlighted in the original work,
it requires a local derivation of the R1:Hct relationship
as it is unlikely that the T1 mapping sequence, CMR
scanner, and Hct machine are identical. The correla-
tion was weaker (r2 = 0.35) than in the original paper
(r2 = 0.51) and by Fent et al. (r2 = 0.50), which may
be due to a narrower range of Hct (median 40%, in-
terquartile range IQR 37.1–43.0%) underrepresenting
extreme values. Furthermore, no reproducibility data
for synthetic or laboratory Hct were available. This
is important as prior work suggested that Hct mea-
surement contributes significant variability and po-
tentially more than the differences contested between
T1 mapping approaches.

At another level, the ECV approach is an example
of anchoring an indirect non-invasive cardiac mea-
surement with a more direct peripheral body mea-
surement, rather like measuring the brachial blood
pressure, doing aortic valve velocity measurement
and deriving intracavity pressures (the valvuloarterial
impedance). Here, the peripheral venous blood sam-
ple is a surrogate for an intraventricular cavity sample
(i. e. substituting the blood pool). This assumption
may not be robust: indeed, the R1blood measured in
the ventricular cavity may be both more accurate
and precise than the peripheral venous sampling, ex-
plaining why the synthetic ECV performance appears
better than it should given the moderate correlation
of R1 and peripheral Hct [3]. There are, however,
other sources that affect the relaxation rate of blood,
such as flow, oxygen content, body temperature and
contributions from other biological variables, and
these need further investigation (e. g. red cell shape
and size, other macromolecules, and even added sub-
stances, e. g. intravenous iron or other paramagnetic
substances) [4]. Blood iron has been reported as
having a strong influence on blood T1 in health [8],
and should confound, although Hct and serum are
frequently correlated which may mitigate.

Raucci et al. raised concerns that the use of syn-
thetic Hct for the calculation of ECVmay result in mis-
categorization of individual patients [7]. They found
in 114 children and young adults undergoing CMR
at 1.5 T using a 5(3)3 modified look-locker inversion
recovery (MOLLI) precontrast and a 4(1)3(1)2 MOLLI
postcontrast that a local derivation is crucial, but even
with a local derivation there was only a weak corre-
lation between R1blood and Hct (r2 = 0.16, p < 0.001),
resulting in worse correlation between measured and
synthetic ECV with worse limits of agreement (be-

tween –10% and 8%). They showed that using a cut-
off for abnormal ECV of 28.5% (evaluating for accu-
racy compared to the measured ECV) identified 23%
miscategorizations with a locally derived model (37%
when applying the published model, although this
would not be recommended anyway). They therefore
concluded that synthetic Hct and ECV may have some
utility in large retrospective research cohorts where
measured Hct data are not available; however, caution
should be taken if looking at individual patient data in
such research cohorts, and validation with measured
Hct should bemade when available. Concerns regard-
ing miscategorization therefore need to be addressed
in future studies.

The T1 mapping field is rapidly advancing to the
point of widespread clinical utility [1]. New guidelines
are in press [9], ECV maps are now routine in some
centers, but ECV standardization is on-going. Qual-
ity control systems, commercial sequences, mega-reg-
istries (e. g. Global CMR Registry, HCM Registry, UK
Biobank) are in progress, and will provide high vol-
umes of new insights in what is now the most active
CMR research area. Inline synthetic ECV, automati-
cally generated during scanning, ready for immediate
analysis is an attractive further incremental develop-
ment. The work of Kammerlander et al. should be
applauded, and the technique appears now close to
being ready for widespread adoption.
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