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Aims

Methods
and results

Conclusion

Cardiac magnetic resonance (CMR) T1 relaxation time mapping is an established technique primarily used to identify diffuse
interstitial fibrosis and oedema. The myocardial extracellular volume (ECV) can be calculated from pre- and post-contrast T1
relaxation times and is a reproducible parametric index of the proportion of volume occupied by non-cardiomyocyte com-
ponents in myocardial tissue. The conventional calculation of the ECV requires blood sampling to measure the haematocrit
(HCT). Given the high variability of the HCT, the blood collection is recommended within 24 h of the CMR scan, limiting its
applicability and posing a barrier to the clinical routine use of ECV measurements. In recent years, several research groups
have proposed a method to determine the ECV by CMR without blood sampling. This is based on the inverse relationship
between the T1 relaxation rate (R1) of blood and the HCT. Consequently, a ‘synthetic’ HCT could be estimated from
the native blood R1, avoiding blood sampling.

We performed a review and meta-analysis of published studies on synthetic ECV, as well as a secondary analysis of previ-
ously published data to examine the effect of the chosen regression modell on bias. While, overall, a good correlation and
little bias between synthetic and conventional ECV were found in these studies, questions regarding its accuracy remain.

Synthetic HCT and ECV can provide a ‘non-invasive’ quantitative measurement of the myocardium’s extracellular space
when timely HCT measurements are not available and large alterations in ECV are expected, such as in cardiac amyloidosis.
Due to the dependency of T1 relaxation times on the local setup, calculation of local formulas using linear regression is re-
commended, which can be easily performed using available data.
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For the establishment of a local model, ~500 patients with measured haematocrit (HCT) and left ventricular T1 relaxation rate (R1 = 1/T1) should be avail-
able and split evenly into derivation and validation data sets. The regression parameters from the derivation data is used for the estimation of synthetic HCT,
which is then used for the calculation of the synthetic extracellular volume (ECV) instead of the measured HCT.
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Introduction

Myocardial fibrosis

Myocardial fibrosis is a frequent finding in various cardiac pathologies
and a marker of disease severity and adverse prognosis." While histo-
pathological analysis using endomyocardial biopsy is considered the
gold standard, cardiac magnetic resonance (CMR) imaging is increasing-
ly used as a non-invasive alternative in research and clinical work for the
assessment of myocardial fibrosis. The main CMR techniques to identify
and quantify myocardial fibrosis by CMR are late gadolinium enhance-
ment (LGE), T1 mapping, and the calculation of the extracellular volume
(ECV). While LGE readily identifies focal fibrosis and scar, it may under-
estimate diffuse myocardial fibrosis as it requires healthy myocardium
as a reference. Diseases that are histologically characterized by intersti-
tial myocardial fibrosis, such as amyloidosis, hypertrophic cardiomyop-
athy, dilated cardiomyopathy, or myocarditis, may present with varying
combinations of focal and diffuse fibrosis.”® Native T1 relaxation time
mapping can identify diffuse interstitial fibrosis but is non-specific and
does not quantify the extent of fibrosis.” Pre- and post-contrast T1
mapping allows for the calculation of the ECV, a quantitative and spe-
cific measurement of diffuse myocardial fibrosis without the need for
healthy ‘reference’ myocardium that is increasingly used to comple-
ment LGE imaging.

T1 mapping
T1 mapping refers to the measurement of T1 relaxation time, or spin-
lattice relaxation time, on a voxel-by-voxel basis over the entire field of

CMR e T1 mapping ® synthetic HCT e ECV classification description ® cardiac magnetic resonance (CMR) e tissue

view. The T1 relaxation time is the time at which a tissue recovers
~63% of its longitudinal relaxation (parallel to the main magnetic
field). Several T1 mapping techniques have been proposed, with
the Modified Look-Locker Inversion (MOLLI) sequence having
the widest adoption. The T1 relaxation time of tissues is dependent
on the magnetic field strength of the scanner. A recent
meta-analysis aggregating data from 120 publications and 5541
healthy subjects found a mean myocardial native T1 relaxation
time of 976 ms [95% confidence interval (Cl) for the mean:
969-983 ms] at 1.5 T and 1159 ms (95% Cl: 1143-1175 ms) at
3T for MOLLI-based pulse sequences.® Notably, there was a high
degree of heterogeneity in T1 time, with variations between ven-
dors, MOLLI pulse sequence acquisition strategies, and sequence
parameters including flip-angle and inter-inversion pulse delay.
Furthermore, elevations in T1 time are not specific for fibrosis
and are also encountered in oedema.

ECV

The wide variability of T1 reference values between centres and scan-
ners complicates its interpretation. ECV on the other hand is a relatively
stable parameter based on pre- and post-contrast T1 mapping that is
insensitive to systemic bias of the underlying mapping technique.9
The calculation of the ECV assumes an equilibrium between the con-
trast concentration in the blood and the myocardium’s extracellular
space after injection of an extracellular gadolinium-based contrast
agent. After correcting for the haematocrit (HCT) in the blood, the
ECV can be estimated from the T1 relaxation time changes in the
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myocardium and blood per the following equation:

ECV
1 1

=(1-HCT)

1 1
post-contrast blood T1 ~ native blood T1

By substituting the relaxation time T1 with the relaxation rate R1 =
1/T1, the formula can be simplified to:

ECV

post-contrast myocardial R1 — native myocardial R1

=(1-HCT
( )* post-contrast blood R1 — native blood R1

As a percentage of tissue volume, ECV accurately reflects the volume
range occupied by the non-cellular component of myocardial tissue
and is associated with changes in the myocardial interstitium, most im-
portantly an increase in collagen fibres. ECV reflects the intrinsic
physiological properties of myocardial tissue and is relatively unaffected
by various technical factors compared to the T1 relaxation time.'® A
meta-analysis showed that the average of all ECV study groups at
1.5 T was 25.9% (95% Cl: 25.5%, 26.3%), which was equal to the aver-
age of all study groups at 3T of 25.9% (95% Cl: 25.4%, 26.5%).°
Elevated ECV values have been reported in primary and systemic car-
diac disease, including dilated and hypertrophic cardiomyopathy, aortic
stenosis, cardiac amyloidosis, and myocardial infarction. ECV is gaining
recognition as a critical biomarker of myocardial collagen content ex-
pansion;11 it is also referred to as ‘non-invasive’ or ‘virtual’ biopsy,12
and despite the lack of standardization of the acquisitions and standar-
dized reference ranges, ECV is increasingly used in clinical practice. In
sarcomere mutation carriers with hypertrophic cardiomyopathy, ele-
vated ECV has been reported even before the development of left ven-
tricular hypertrophy.'®  Similarly, ECV elevations precede the
development of LGE in cardiac amyloidosis, which suggests the value
of ECV at earlier disease stages."* ECV is also a practical prognostic fac-
tor in amyloidosis, with a hazard ratio of death of 3.85 for ECV fractions
>45%." In aortic and mitral valve disease, elevations in ECV, but not T1
or LGE, correlate well with histologic fibrosis and, at least in aortic sten-
osis, track well with cardiac remodeling.® Both native T1, ECV, and LGE
have been shown to be independent predictors of cardiac death and
transplantation in DCM."” ECV can also be used to assess the cardio-
toxicity of anthracycline chemotherapy'®'? and is often used in heart
failure studies as a viable surrogate marker of extracellular matrix ex-
pansion.?® Left ventricular ECV expansion has been shown to be a
strong independent predictor of AF recurrence after catheter abla-
tion.?" Increased ECV was found to be associated with ventricular ar-
rhythmia, hospitalization for heart failure, and death in tetralogy of
Fallot.”> These findings may lead to future studies exploring the role
of ECV in improving risk stratification and guiding therapeutic
interventions.

The role of HCT in ECV measurement

The HCT value is essential for ECV calculations. Generally, HCT is a
low-cost blood test that can be measured with widely available labora-
tory equipment, either with optical or electrical methods. However,
not all patients will have routine blood tests to assess their HCT be-
fore the CMR scan. Even for hospitalized patients, laboratory values of
HCT may be checked routinely when admitted, but due to the high
variability, the values may have already changed when the CMR scan
is performed. Blood sampling at the time of the CMR scan requires
point-of-care analysis equipment that is not readily available in all

post-contrast myocardial T1 " native myocardial T1

CMR centres, is prone to measurement errors, and disrupts the
workflow.?3#*

As mentioned before, the calculation of ECV assumes an equilibrium
of the contrast agent concentration in the myocardial and blood pool
extracellular space, the latter of which is calculated from the HCT.
Because of the high temporal variability of HCT, it should be measured
as close as possible to the CMR scan.

The Society for Cardiovascular Magnetic Resonance (SCMR)
Consensus Statement recommends that the HCT should be measured
within 24 h of the CMR scan because of its variability.” The HCT level
has been reported as highly influenced by diurnal fluctuations and may
even change in a few hours.?® Thirup et al.?® conducted a meta-analysis
exploring substantial changes in HCT in 12 studies representing 638
healthy adults, sampled at intervals ranging from 1 day to 1-2 months.
They reported a relative change between two consecutive HCT mea-
surements of ~12%, which was unexpectedly high. Furthermore, even
if HCT is obtained as close to the CMR scan as possible, HCT also
changes with body posture. Engblom et al.®” reported that HCT chan-
ged by 8% when comparing blood samples drawn before (arriving at the
MR department) and after CMR examination (still in supine position).
This change in HCT due to change in body posture was also found
by Jacob et al.*® who showed that in healthy subjects, a change of
11.0% was observed comparing a supine position to 30 min of standing.
Even when measured simultaneously, the HCT can differ between per-
ipheral venous and arterial blood.?’

Ideally, the HCT of ventricular blood at the time of scanning would
be used as a reference to calculate ECV, as the calculation of ECV is
based on the T1 relaxation time of ventricular blood and myocardium.
However, ventricular blood sampling is highly invasive and therefore
not feasible for routine CMR scans.

These factors impose additional constraints and caveats on the
measurement of peripheral venous blood HCT which add to the work-
flow, introduce errors, and ultimately limit its applicability in clinical rou-
tine work, thus imposing a barrier to the routine clinical use of ECV
measurements.

Deriving a ‘synthetic HCT’

Relationship between the HCT and the

native blood T1 relaxation rate (R1)

For the above-mentioned reasons, non-invasive ECV measurement
techniques without blood sampling have gained considerable attention.
Recent studies have proposed that the HCT could be estimated from
the native T1 relaxation rate (R1, the inverse of the T1 relaxation time)
of ventricular blood. The calculation is based on the linear relation of
the native R1 of blood and the HCT?®: the Fe Il+ ions in the haemoglo-
bin exhibit paramagnetic properties, prolonging the R1 of the surround-
ing protons. As the water in the plasma and erythrocyte cytoplasm
undergoes rapid water exchange, this affects the R1 of the whole blood
pool.3" A linear regression equation for the HCT can be derived from
the native blood R1 values, allowing for a ‘synthetic’ HCT to be calcu-
lated without blood sampling. Notably, Kazuki et al. reported that the
T1 relaxation time is slightly longer in arterial than venous blood.*%
The reason for that is that deoxyhaemoglobin is more abundant in ven-
ous than arterial blood, the Fe Ill+ of which exhibits stronger paramag-
netism and further reduces the T1 relaxation time.>’ Hanzhang et al.
determined blood T1 relaxation times at 3 T under physiological condi-
tions, demonstrating that an increased HCT causes a reduction in blood
T1 relaxation times; the regression coefficients for R1 vs. HCT were
0.52 and 0.83 for arterial and venous blood, respectively, meaning
that an arterial HCT increase of 1% causes an R1 increase of
0.0052[s-1].%° These differences in arterial and venous regression
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parameters must be considered when choosing the measurement site
for the synthetic HCT.

Compared to conventionally measured HCT, the synthetic HCT is
measured during the CMR scan and is calculated from the R1 of the
left ventricular blood, which is also the site used for ECV calculation.??
It therefore also avoids any potential variability stemming from differ-
ences in left ventricular to peripheral venous blood or by postural, di-
urnal, and day-to-day variations that might affect conventional HCT
measurements,*>2¢-28:2%.33

Statistical considerations in the

measurement of synthetic ECV

The parameters of the linear relationship between blood R1 and HCT
can be estimated via linear regression. However, in doing so, several ca-
veats have to be considered. First, to avoid ‘over-fitting’, testing of the
model should not be performed on the same data that it was fitted on.
This means, that the available data should be split into derivation and
validation cohorts.

Second, standard linear regression relies on the assumption that the
measurement error lies solely in the dependent (response) variable.
Measurement error in the independent (regressor) variable will invari-
ably cause underestimation of the regression coefficient § in standard
linear regression, known as attenuation bias. This translates to an over-
estimation of low values and an overestimation of high values. Several
sophisticated ‘errors in variables’ models have been developed to offset
this effect. Of these, the Deming regression is most widely used in med-
ical measurement comparisons and assumes measurement error in
both variables, the ratio of which can be adjusted according to the
data.®* Using a Deming regression does not necessarily improve the
fit as measured by R” but eliminates the slope in the errors (Figure 1).

Third, reporting the regression coefficient R* of synthetic vs. stand-
ard HCT and ECV measurements is not sufficient to judge agreement
of both measurements. As Bland and Altman have elaborated in their
seminal 1982 paper, agreement is best assessed from the bias and limits
of agreement (LoA) of both measurements, where the bias is the mean
difference of both measurements and the LoA the interval into which
95% of the differences are expected to fall (usually calculated as 1.96
* SD of the difference). In any linear regression analysis, the mean of
the predicted values equals the mean of the dependent values. This
means that the mean synthetic HCT always equals the mean measured
HCT in the derivation cohort and will be very close to the measured
HCT in the validation cohort if both have been selected randomly
from the same population. In this case, the bias will always be close
to zero and meaningless as a measure of agreement. This leaves the
LoA as the most useful parameter for the assessment of synthetic ECV.

Sample size calculation for establishing a
local model

Unfortunately, T1 relaxation times depend on the local setup and can
vary considerably between sites and scanners. Consequently, external
models provide less accuracy than models derived from a locally ac-
quired data set. Local models can usually be derived easily from existing
data with reasonable effort. The size of derivation data sets varies con-
siderably in published models, owing in part to a lack of sample size cal-
culations. To achieve an accurate model without waste of resources,
we recommend a systematic approach as outlined by Riley et al*®
Assuming a mean HCT of 0.43 with a standard deviation of 0.05 and
an R* of 0.428, for a model consisting of three parameters (left ventricu-
lar R1, sex, and field strength), a minimum derivation sample size of 237
would be necessary to provide accurate estimates of all regression
parameters with little risk of over-fitting. Riley et al. also give recom-
mendations regarding sample size calculations for external validation.*®
The 95% Cl for R2 , is approximately RL, + (1.96 x SEgz‘), where ﬁga, is

val val

the anticipated R of synthetic vs. measured ECV and SEE2 its standard
4R2, (1-RZ)) o
n

val.

error. The latter is calculated as SE, = . Assuming an R? of

val

0.88 from Chen et al. and an equal validation sample size of 237 leads to
a Cl width of 0.06, which seems acceptable. This would translate to a
sample size of roughly 500 patients, equally split into derivation and val-
idation data sets.

Clinical research of synthetic ECV

Treibel et al.¥” first proposed that synthetic HCT and ECV can be derived
directly from the CMR examination itself in 2016. They plotted the rela-
tionship of conventionally measured HCT vs. the R1 of blood determined
by two CMR pulse sequences, the MOLLI and the shortened MOLLI
(ShMOLLI) recovery, at 1.5 T (Siemens MAGNETOM Avanto, Espree,
and Aera, Siemens Medical Solutions, Malvern, Pennsylvania). Native
blood R1 was linearly related to laboratory HCT with a coefficient of de-
termination (R?) of 0.51 (MOLLI) and 0.45 (ShMOLLI), respectively.
Despite the only moderate correlation between R1 and HCT, the syn-
thetic ECV (estimated from the synthetic HCT) was closely correlated
to the conventionally measured ECV (using laboratory HCT) with an
R*=0.97 for both mapping techniques, albeit with wide LoA (+£5.49%
for SAMOLLI). A thorough discussion of the possible confounders can
be found in the next chapter. The authors found no difference in correl-
ation of synthetic and conventionally measured ECV and postoperative
histological measurements of the collagen volume fraction in 18 aortic
stenosis patients. Furthermore, synthetic and conventionally measured
ECV were equally well related to the risk of hospitalization for heart fail-
ure or death in 1172 subjects in their study. The work of Treibel et al.
provided the first comprehensive description of the accuracy and clinical
suitability of synthetic ECV and is likely to enhance CMR research studies
of cardiomyopathy greatly.

Fent et al.*® examined the correlation and agreement between syn-
thetic ECV and conventional measured ECV on 1.5 T (Ingenia, Philips,
Best, the Netherlands) and 3 T (Achieva dStream) Philips scanners in
2017. Their results showed that synthetic ECV values were closely cor-
related with conventionally measured ECV (R? = 0.95 and R* = 0.91 for
1.5and 3 T, respectively). The bias between synthetic ECV and conven-
tionally measured ECV was small with moderate LoA at 1.5 T (bias =
—0.81%, LoA —4.97% to 3.35%) and 3 T (bias = —0.30%, LoA —3.92%
to 3.33%). The study of Fent et al. further supported the practical value
of synthetic ECV measurements on different scanners.

Kammerlander et al.>® examined the synthetic ECV in 513 subjects at
1.5 T (Siemens MAGNETOM Avanto). Synthetic HCT was moderately
correlated with conventionally measured HCT (R* = 0.28), but synthet-
ic ECV was highly correlated with measured ECV (R*=0.89). Their
Bland—Altman analysis showed a bias of 0.01% with LoA of —4.32%
to 4.33%.

Lim et al*® studied 143 hypertensive patients at 1.5 T (Siemens
MAGNETOM Aera). They found that the model provided as an inline
module (Siemens WIP#1041) by their scanner manufacturer severely
underestimated the ECV especially for women (bias —8.9% for women
and —4.3% for men). Their own gender-specific regression model elimi-
nated the mean difference, as expected, but showed wide LoA of —9.41
to 9.63%. The study of Lim et al. highlighted both the importance of
gender-specific and locally derived models in synthetic ECV measure-
ments. However, their cohorts included only hypertensive patients,
which might not be a representative population.

In 2020, Su et al.>* compared the measurement error of a locally de-
rived synthetic HCT formula at 1.5 T (Siemens MAGNETOM Aera)
with the test—retest variability of two haematocrit measurements
with a median of 117 days apart. For the derived ECV measurements,
they reported LoA of —3.18 to 3.60% for synthetic vs. same—day mea-
sured haematocrit and LoA of —2.75 to 2.85% for the two haematocrit
measurements. Furthermore, Su et al. demonstrated that the error of
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Figure 1 Bland-Altman analysis of measured haematocrit vs. synthetic haematocrit derived from standard linear regression (left) and Deming re-
gression (right). The validation data set from Chen et al. was used. While the standard linear regression provides a slightly better fit, measured by
R?, the orthogonal regression eliminates the slope of the measurement error and is therefore more accurate at extreme values.

synthetic ECV was significantly correlated with measured HCT, and
relatively large ECV errors occurred when measured HCT was lowest,
meaning that the difference in ECV was inversely proportional to la-
boratory HCT, leading to a more significant ECV error in patients
with severe anaemia. This is mostly due to the attenuation bias de-
scribed above. These findings suggest that synthetic ECV derived
from standard linear regression should be interpreted with caution
for patients with a history of anaemia, as the synthetic HCT will be
overestimated and the ECV underestimated. The question remains
how to reliably spot patients with anaemia without HCT testing.
Raucci et al.*' showed that the use of synthetic ECV might lead to
clinical mis-categorization of paediatric and young adult patients.
They assessed the accuracy of synthetic ECV in 114 children and young
adults undergoing CMR at 1.5 T (Siemens MAGNETOM Avanto), using

an ECV cut-off of 28.5%. Raucci et al. identified 23% mis-categorization
using a locally derived regression equation when compared to the mea-
sured ECV. The mis-categorization was as high as 37% when applying an
external published model (Treibel et al.), highlighting the need for locally
derived models due to the known dependency of T1 relaxation times
on the local setup.” Furthermore, Shang et al.** further illustrated
thatat 3 T (Siemens MAGNETOM Trio), based on their central normal
cut-off value of 31.8%, despite an excellent linear regression fit, the use
of synthetic ECV may lead to mis-categorization in 6—25% of patients,
particularly for those with only a subtle elevation in ECV. This under-
lines the inadequacy of the correlation coefficient for the assessment
of agreement and the need for caution when interpreting small ECV de-
viations. Expectedly, mis-categorization occurred mostly at values close
to the cut-off. Of note, mis-categorization was not judged based on the
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Table 1 Published regression coefficients for synthetic HCT and ECV
Study CMR scanner N derivation N validation Sex Sequence Regression model® ECV®
Intercept (§0)  Slope (1) R? R?
With validation cohort
Chen* Philips 1.5T+3T 550 551 Mixed MOLLI -0.027 8163 043 088
+0.024 (if male)
—0.094 (if 1.5 T)
Fent®® Philips 1.5 T 102 101 Mixed MOLLI -0.167 922.6 050 095
Philips 3T 109 109 Mixed MOLLI —-0.071 869.7 046 092
Treibel*” Siemens 1.5T 214 213 Mixed MOLLI -0.123 866.0 051 097
214 213 Mixed ShMOLLI —0.068 7271 045 097
Kammerlander®®  Siemens 1.5 T 200 313 Mixed MOLLI —0.002 628.5 035 0.89
Shang*? Siemens 3 T 121 105 Mixed MOLLI 0.098 562.0 019 070
Su’? Siemens 1.5T 85 109 Mixed MOLLI 0.182 971.6 051 094
Without validation cohort
Raucci®’ Siemens 1.5 114 — Mixed MOLLI -0.213 315.1 016 0.82
Lim* Siemens 1.5T 143 — Mixed MOLLI 0.054 5747 044 075
53 — Female  MOLLI 0.234 258.5 008 073
90 — Male MOLLI 0.052 592.7 034 070

*Synth HCT = Bo + B1*RTgi00d
®Correlation of synthetic vs. conventionally measured ECV

gold standard tissue biopsy but on the conventional ECV measurement,
for which there is no universal agreement on a cut-off so far.

Recently, Chen et al. developed and tested a model in a large data set
of 1101 patients examined on 1.5 T (Philips Achieva) and 3 T (Philips
Ingenia) scanners, controlling for sex and field strength.32 Both standard
linear regression and Deming regression were performed. Standard lin-
ear regression showed narrower LoA of —4.1 to 3.7% for synthetic
ECV vs. —4.6 to 4.3% for the Deming regression, but Deming regres-
sion provided less bias in anaemic patients (—1.2 +2.2% vs. =24 +
1.7%). A validation of the standard linear regression model vs. histo-
logical analysis fraction showed similar correlation of the collagen vol-
ume with conventionally measured ECV (R*=0.66, P < 0.0001) and
synthetic ECV (R®=0.63, P=0.0001). In a cohort of amyloidosis pa-
tients, no systematic differences were found between synthetic ECV
via standard linear regression and conventionally measured ECV
(51.9£10.9% vs. 51.1 £ 10.3% P =10.18).

Overall, the aforementioned studies provide evidence of the feasibil-
ity of synthetic ECV measurements on different scanning machines,
field strengths, and populations but highlight the necessity for locally de-
rived models and prospective studies on the prognostic and diagnostic
value of synthetic ECV.

Confounders of synthetic and
conventional HCT and ECV

Notably, it was found in abovementioned studies that while synthetic
HCT and conventional HCT were only moderately correlated, synthet-
ic ECV values were closely correlated with conventionally measured
ECV (Table 1)3***' For all studies with validation cohorts, the
weighted mean of R® for synthetic and conventional HCT was 0.42
and for synthetic and conventional ECV 0.90.

The close correlation between synthetic and conventional ECV, as
compared to HCT, can be attributed to the four additional terms
(R1 of myocardial and ventricular blood before and after contrast injec-
tion) that remain constant in the ECV calculation. These constants

counterbalance larger changes in HCT, resulting in smaller alterations
in ECV. This mitigating effect is visualized in Figure 2.

The only moderate correlation of synthetic and conventional HCT
can be explained by several error sources. A summary of the most
common influencing factors is given in Table 2. First, the high variability
of HCT itself will influence the correlation between conventional HCT
and synthetic HCT. To understand the sources of variability attribut-
able to synthetic HCT and conventionally measured HCT, Treibel
et al. performed two laboratory HCT measurements with an average
4-h time difference in a subset of 44 patients.>” They found an unex-
pectedly high variation of 10% between both measurements (R*=
0.86), accounting for part of the measurement error between synthetic
and measured HCT, but the generalizability of this finding is unclear due
to the small sample size.

Second, factors affecting T1 relaxation times in the blood may also af-
fect this relationship. Common influencing factors of T1 relaxation times
include physiological changes such as total serum protein, temperature,
and haemoglobin oxygenation, as well as technical issues including mag-
netic field heterogeneity, pulse sequence parameters, efficiency of inver-
sion pulses, magnetization transfer effects, and fitting algorithms.****
Third, the estimation of the synthetic HCT is based on the relaxation
properties of iron. While most blood iron is bound to haemoglobin
and haemoglobin and HCT are closely correlated, the mean corpuscular
haemoglobin concentration (MCHC) can vary and introduce noise, espe-
cially in patients with deficiencies in iron, folate or vitamin B1 2%
Additionally, blood iron outside of haemoglobin has been reported to
have a substantial effect on T1 relaxation times,46 and in patients with
iron overload, particularly in thalassaemic patients, the R1/HCT relation-
ship may be broken.* The contribution of other biological variables such
as lipids need further study. In addition, blood flow artefacts in the ven-
tricular cavity may lead to unexpected variations. These factors may con-
tribute to measurement variability and thereby reduce correlation
between conventionally measured and synthetic HCT.

Fourth, HCT is conventionally measured in the peripheral venous
blood, whereas the synthetic HCT regression equation is derived
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Figure 2 ECV vs. haematocrit (HCT) in a fictional patient. A change
in HCT of 10% causes a change in ECV of ~5%. Other parameters as
follows: Post-contrast myocardial T1 430 ms, native myocardial T1
1000 ms, post-contrast blood T1 300 ms, native blood T1 1600 ms.

Table 2 Confounders of synthetic and conventional
HCT

Confounders of
conventional HCT

Confounders of synthetic HCT

Anaemia (standard linear regression) Diurnal variation
Sex Day-to-day variation
Young age Postural variation
Hypoxia Arteriovenous variation
Iron overload
Abnormal mean corpuscular haemoglobin

(severe iron, folate, or B12 deficiency)

Scanner (when using external model)

from the T1 relaxation time of left ventricular arterial blood. The HCT
difference between peripheral and central blood as well as arterial and
venous blood may also introduce noise, given that the T1 relaxation
time of blood is usually measured in the left ventricle and HCT in per-
ipheral venous blood.

Fifth, T1 relaxation times are dependent on the field strength, vend-
or, and acquisition technique. Using a formula for synthetic HCT de-
rived under a different setup may lead to systematic errors in
synthetic ECV, as encountered by Raucci et al.*’ This might seem
counterintuitive, because conventional ECV measurements are quite
reproducible between setups. The reason for the latter is that the
ECV formula uses the differences in T1 relaxation rates (the inverse
of the T1 relaxation times) before and after contrast agent, so that sys-
tematic differences even out. The synthetic HCT is calculated using

absolute T1 relaxation rates, not differences, so that systematic differ-
ences will produce systematic errors in the synthetic HCT and there-
fore the synthetic ECV.

Choosing the optimal cut-off value for
synthetic ECV

It should be noted that there is no consensus on the optimal cut-off va-
lue for conventionally measured ECV.” Published upper limits of normal
range from 29 to 36%.%” As synthetic ECV does not show systemic bias
when using locally derived formulas, similar cut-off values can be used as
for conventionally measured ECV. Chen et al. found a misclassification
of 6% when using a cut-off of 29.5% for synthetic and 30% for conven-
tionally measured ECV. Furthermore, they found no significant differ-
ence in values for measured and synthetic haematocrit in a cohort of
29 amyloidosis patients (mean ECV 51.1 +10.3% vs. 51.9 + 10.9%). A
receiver operator characteristic (ROC) analysis for the diagnosis of
amyloidosis based on the data by Chen et al. is given in Figure 3.

Clinical applications and prospects of
synthetic ECV

Previous investigators have demonstrated on different platforms that
synthetic ECV obtained by synthetic HCT is feasible, and synthetic
ECV values correlate closely with conventionally measured ECV.
While the LoA were rather wide, this might also be attributable to var-
iations in conventional HCT measurements. Limited data on outcome
and histological validation suggest diagnostic equivalence between con-
ventional and synthetic HCT. A great advantage of synthetic ECV lies in
its ability to offer the advantages of ECV measurements to CMR labora-
tories without access to timely HCT sampling.

However, several caveats need to be further evaluated before wide-
spread clinical application. First, while synthetic ECV methods can be
applied to multiple centres and multiple scanning platforms, each centre
will need to derive its formula for the R1/HCT relationship because T1
relaxation times are known to be setup dependent. We recommend
using a Deming regression to avoid attenuation bias, but consultation
with your local statistician is advisable. Second, age- and gender-specific
formulas should be considered due to physiological differences in blood
composition. Third, concerns regarding mis-categorization still need to
be addressed in future studies. Particular attention needs to be given to
patients with anaemia and children and adolescents. In large retrospect-
ive study cohorts where HCT was not measured, synthetic ECV re-
mains of high utility. It is still recommended that standard HCT values
be obtained whenever feasible. Finally, most studies so far have focused
on the accuracy of synthetic ECV compared to conventional ECV, ra-
ther than the gold standard of tissue biopsy. While histological valid-
ation in small subgroups by Treibel et al. and Chen et al. showed
similar correlations between synthetic and conventional ECV and tissue
biopsy results, large-scale validations of synthetic ECV based on tissue
biopsy and clinical outcome are lacking.

Conclusion

Synthetic HCT and ECV can provide a non-invasive quantitative meas-
urement of the myocardium’s extracellular space when timely HCT
measurements are not available and large alterations in ECV are ex-
pected, such as in cardiac amyloidosis. Due to the dependency of T1 re-
laxation times on the local setup, calculation of local formulas is
recommended, which can be easily performed using available data.
Open questions regarding its accuracy remain, and further studies on
its prognostic and diagnostic value are necessary.
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Figure 3 ROC curves for the diagnosis of cardiac amyloidosis using conventional ECV, synthetic ECV using standard linear regression, and synthetic

ECV using a Deming regression. Data set from Chen et al.>?
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