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ABSTRACT 
Purpose: Liver T1 values have shown sensitivity to inflammation and fibrosis, but are also 

affected by hepatic iron content. Modified Look-Locker inversion recovery (MOLLI) T1 

measurements are biased by the lower T2 associated with high iron. The purpose of this 

work is to propose a simple multi-compartment model of the liver and use Bloch-McConnell 

simulations to demonstrate the effects of iron and fibrosis on shortened-MOLLI (shMOLLI) 

T1 measurements. 

Methods: A tissue model was generated consisting of liver cells and extracellular fluid (ECF), 

with iron-dependent relaxation rates. Fibrosis was imitated by increasing the ECF 

proportion. Simulations of the shMOLLI sequence produced a look-up table (LUT) of 

shMOLLI-T1 for a given ECF fraction and iron content. The LUT was used to calculate 

ECF(shMOLLI-T1), assuming normal hepatic iron content (HIC), and ECF(shMOLLI-T1,T2*), 

accounting for HIC determined by T2*, for 77 patients and compared to fibrosis assessed by 

liver biopsy.  

Results: Simulations showed that increasing HIC decreases shMOLLI-T1, with an increase in 

HIC from 1.0 to 2.5mg/g at normal ECF fraction decreasing shMOLLI-T1 by 160ms, while 

increasing ECF increased ShMOLLI-T1, with an increase of 20% ECF at normal iron increasing 

shMOLLI-T1 by 200ms. Calculated patient ECF(shMOLLI-T1) showed a strong dependence on 

Ishak score (3.3±0.8 %ECF/Ishak stage) and 1/T2* (-0.23±0.04 %ECF/Hz). However, when 

iron was accounted for to produce ECF(shMOLLI-T1,T2*), it was independent of HIC but 

retained sensitivity to Ishak score.  

Conclusion: Use of this multi-compartment model of the liver with Bloch-McConnell 

simulation should enable compensation of iron effects when using shMOLLI-T1 to assess 

fibrosis. 

Keywords: T1 mapping, liver disease, liver MRI  
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INTRODUCTION 
MRI has the potential to be a powerful tool in the diagnosis of liver disease. In recent years 

the measurement of the characteristic relaxation times in liver tissue has become 

widespread, due to the sensitivity of T2 (1) and T2* (2) to iron accumulation in the liver. In 

the 1990s, elevated T1 was observed in the livers of patients with cirrhosis (3, 4). 

More recently, with the development of robust, single breath-hold T1 mapping techniques 

(5, 6), interest in non-contrast enhanced T1-mapping of the liver in patients with cirrhosis 

has increased (7-9). However, in addition to its effects on T2 and T2*, iron also affects 

hepatic T1 directly by reducing it (10) and may also influence the measurement of T1 

indirectly due to the decrease in T2 (6). Hence studies of the dependence of T1 on fibrosis 

have tended to exclude patients with iron overload (8, 9) despite the high prevalence of this 

condition. Two patient studies have addressed the additional information that can be 

gained by combining T2* and T1 measurements (11, 12) qualitatively (presence/absence of 

iron overload or fibrosis/inflammation), while two more recent studies have made 

quantitative use of T1 corrected for iron using methods similar to those presented here (13, 

14). There is thus clinical utility in a method which can evaluate fibrosis using T1 

measurements in the presence of elevated iron. 

Here, we introduce a model used to explore the competing effects of fibrosis and iron on 

hepatic T1 measured using the modified Look-Locker inversion recovery (MOLLI) method.  

MATERIALS AND METHODS 
We propose a four-compartment model of the liver consisting of blood, interstitium, and 

two intracellular spaces, semisolid and liquid (15), with volumes, relaxation rates and 

exchange rates defined by previous literature reports (1, 13, 16-27). Iron levels and 

extracellular volume fraction (ECF), used as a proxy for fibrosis, are independently varied, 

and Bloch-McConnell (28) simulations used to predict the MOLLI-T1 that would be 
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measured in each case. We test the model using measurements of hepatic shortened-MOLLI 

(shMOLLI) T1 (29) and T2* obtained in patients with chronic diffuse liver disease. We 

compare estimates, based on the model, of the ECF fraction, taking into account only the 

measured shMOLLI-T1, ECF(shMOLLI-T1), or taking into account the patient’s hepatic iron 

content (HIC) to obtain ECF(shMOLLI-T1,T2*). These ECF values are compared to an 

assessment of fibrosis by biopsy to test the validity of the model. The results of applying this 

model allow shMOLLI-T1 to provide a valuable clinical metric and this is shown in Banerjee 

et al. (13) where some of these data are shown in a clinical context. 

Tissue Model 
A diagram of the proposed tissue model is shown in Figure 1. In this model, the liver is 

divided into four pools of water, mixed on a sub-voxel level: two intra- and two 

extracellular. Intracellular water is divided into water bound to macromolecules, and thus 

invisible to conventional MR due to its very short T2, known as the semi-solid pool, and the 

MR-visible liquid pool. This enables the inclusion of known magnetisation transfer effects 

(15) in the model. The extracellular space is divided into interstitial and vascular spaces, 

filled with plasma and blood, respectively. The very small (<1%) volume (27) of bile present 

in the liver is not included in the model. Fibrosis is simulated in the model by increasing the 

interstitial volume fraction, while iron affects the relaxation rates, R1 and R2, of the 

compartments. The values for the volume fractions, v, relaxation rates, R1 and R2, and 

exchange rates for water exchange from compartment a to compartment b, kab, are defined 

by the literature, shown in Table 1 and discussed below. In three cases, the literature can be 

used to justify differing values for a parameter. In these cases, we justify one value for the 

main simulation but also test the impact of using the alternative values in supplementary 

simulations (described in Section 2.2.2).  
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Volume Fractions 
Pharmacokinetic models of the liver (16) use volume fractions of around 70% cells, 15% 

blood, and 15% interstitial space for normal liver. Assuming the ~20% of tissue volume that 

is non-water (17) is concentrated in the cells, this gives water fractions in cells, blood and 

interstitium of 60%, 20% and 20% respectively. This is consistent with whole-liver water 

volume data based on animal models (18), when the water contained in large vessels is 

excluded, and gives a normal ECF fraction of 40%. 7% of the cellular component is assigned 

to the semisolid pool, with the remainder forming the intracellular liquid pool (19). 

In order to simulate the effect of fibrosis, the interstitial space is allowed to range from 0-

95% of the volume, with the remaining volume divided in a fixed ratio of 4:1 into cells and 

blood, the same ratio as in normal tissue. 

R2 
The transverse relaxation time for the semisolid pool in the liver at 3T is given by Stanisz et 

al (19) as 7.7µs. 

At 1.5T, the in vivo transverse relaxation rate (in s-1) of liver as a function of hepatic iron 

content (HIC, measured in mg Fe/g dry weight) is given by (1, 2): 

R2(1.5T) = 6.88+26.06x(HIC)0.701-0.438x(HIC) 1.402.     (1) 

This is converted to the relaxation rate of liver at 3T based on the Monte Carlo simulations 

reported by Ghugre (20): 

R2 = R2(1.5T)x1.47-2.2.         (2)  

Equations 1 and 2 refer to intact liver tissue. However, Equation 1 was obtained (1) using a 

biexponential fit (1), with the reported R2 calculated from a weighted average of the 

relaxation rates calculated from the two exponentials. We thus express the R2 as: 
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R2(1.5T) = R2L(1.5T) x vL + R2E(1.5T) x vE.      (3) 

Based on the fact that most diseases have relatively mixed iron deposition (30), we assume 

that iron deposition is homogeneous between the parenchyma and extracellular space, and 

that Equation 2 holds for both compartments separately.  

The R2 of blood at 3T in the absence of iron deposits is 3.64/s (19), and that of plasma 2.9/s 

(21). In considering the effect of iron on the extracellular relaxation rates, there is limited 

data on the relative diffusivities of water in the hepatic intra- and extracellular spaces. In the 

main simulation we assume that the diffusivity of protons in the extracellular space is higher 

than in tissue as a whole and close to that of free water, around four times higher than that 

of intact liver tissue. (We include in a supplementary simulation the case of identical intra- 

and extra-cellular water diffusivities.) Based on the Monte Carlo simulations of Ghugre et al 

(22) diffusivity close to free water reduces the iron-dependent R2 by 30%. Combining these 

observations with Equations 1 and 2 we obtain, for the R2 of blood (R2B) and interstitium 

(R2I) at 3T: 

R2B = 3.64 + (0.7 x 26.06 x (HIC)0.701 - 0.7 x 0.438 x (HIC) 1.402) x 1.47.  (4) 

R2I = 2.9 + (0.7 x 26.06 x (HIC)0.701 - 0.7 x 0.438 x (HIC) 1.402) x 1.47.  (5) 

However, as the two compartments are in fast exchange, as discussed below in Section 

2.1.4, we can express the relaxation rate of the extracellular compartment simply as (23): 

       R2E  = (R2BvB + R2IvI)/vE  

  = (3.64vB + 2.9vI)/vE + 26.82 x (HIC)0.701 - 0.451 x (HIC) 1.402   (6) 

Now, assuming a normal extracellular fluid volume fraction of 0.40 for the calibration data 

of St Pierre et al (1), combining Equations 1, 2, 3 and 6 yields for the intracellular liquid pool 

component: 
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R2L = 9.3 + 46.0 x (HIC)0.701 - 0.773 x (HIC) 1.402.     (7) 

R1 
The dependence of longitudinal relaxation rate of liver tissue on HIC at 1.5T is given by (24): 

R1 = R10 + 0.029 x HIC.         

We assign this same R1 dependence on HIC to both cytoplasmic and extracellular R1. The 

dependence of R1 on iron concentration is treated as being the same at 1.5 and 3T, based 

on the low field-sensitivity of ferritin R1 (31), reported limited effect of haemosiderin on T1 

(32) and low field-dependence of T1 measurements in brain iron-overload (33) (caused by a 

mixture of ferritin and haemosiderin). R10 of the extracellular space, R1E, was based on the 

fast exchange combination of the R1 of blood at 3T, 0.518/s (19), and of plasma, 0.44/s (21): 

R1E = 0.518vB/vE+ 0.44vI/vE + 0.029xHIC.     (8)  

R10 of the liquid intracellular pool is the only fixed free parameter in the model, and is 

empirically adjusted in the main simulation to 1.361Hz (see Table 2 below) such that for 

normal ECF fraction (40%) and HIC (1.0 mg/g) the modelled shMOLLI-T1 is 717ms, the same 

as that measured in seven fasted healthy volunteers (13).  

R1 for the bound pool is fixed at 1Hz (15), the standard value used in magnetization transfer 

models. 

Exchange 
The exchange rate between liquid and semisolid intracellular compartments, for 

magnetisation transfer, is set according to the values of Stanisz et al (19). The line-shape 

used for the bound pool frequency spectrum is a Super-Lorentzian and we model MT using 

the methods of Robson et al (34). 
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The transcytolemmal exchange rate, 𝑘𝑘cyt, between intracellular free pool and extracellular 

compartments is set based on the hepatocyte water residence time, 𝜏𝜏ℎ, and hepatocyte 

fraction 𝑣𝑣ℎ using the two-compartment relation: 

𝑘𝑘cyt =   
𝑣𝑣ℎ
𝜏𝜏ℎ

, 

Then we form the directional first order rate constants based on the volume fractions in our 

model, 

𝑘𝑘LE =
𝑘𝑘𝑐𝑐𝑐𝑐𝑐𝑐
𝑣𝑣L

, 

𝑘𝑘EL =
𝑘𝑘𝑐𝑐𝑐𝑐𝑐𝑐
𝑣𝑣E

. 

There are two reports in the literature for the lifetime of water intracellularly in the liver. 

Bacic et al found a cellular lifetime of 50ms in a hepatocyte fraction of 20%, giving 𝑘𝑘cyt of 4/s 

(35), while Chang et al measured a lifetime of 250ms with a volume fraction of 13%, yielding 

a 𝑘𝑘cyt of 0.52/s (25). This corresponds to a membrane permeability of around 13 µm/s, 

typical for human cells (36), while a value of 4/s implies a high permeability of 80 µm/s, 

above that of erythrocytes (35). As a result, we use 𝑘𝑘cyt = 0.52/s in the main simulation, with 

the higher exchange rate used in a supplementary simulation to demonstrate the impact of 

such a change in model parameters. 

There is limited data in the literature on transendothelial exchange between the sinusoids 

(the blood compartment) and the interstitial space. However, Mandeville et al (26) suggest 

that exchange is substantial on timescales of 20ms, implying kend is of the order of 25/s. A 

high exchange rate is consistent with the highly fenestrated and discontinuous walls of the 

sinusoids in the liver (37). We observe that the difference between relaxation rates of the 

two spaces given by Equations 4, 5 and 8 is independent of iron and fixed at 0.74/s for R2 
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and 0.078/s for R1, and that these differences, often known as the relaxographic ‘shutter 

speeds’ (38) are far smaller than the exchange rate kend. This satisfies the requirement for 

the transendothelial exchange to be in the limit of fast exchange (38). Exchange between 

erythrocytes and plasma is known to be rapid, with intraerythrocyte lifetimes of around 

10ms (39). We thus treat the water in the blood as a single compartment.   

Simulation 

Main simulation 
To facilitate comparison with the patient data, one specific MOLLI variant, shMOLLI (29), 

was implemented in the numerical simulation of the Bloch-McConnell equations (28). The 

exact pulse sequence was generated at 1µs resolution during RF pulses and 100µs temporal 

resolution between RF pulses.  The inversion pulse used was a Hyperbolic Secant (HS1) pulse 

of 10.24 ms duration, time-bandwidth product of R = 5.48, peak B1 = 750 Hz and β = 3.45. 

The short (0.48ms) imaging RF pulses were matched to those used on our scanner, with a 

Gaussian-like shape. Each of the seven images consisted of 90 RF pulses (5 ramp-up pulses, 

84 readout and one α/2 flip-up pulse), with the signal sampled at centre of k-space, after 

the 24th imaging pulse. The complex signal for each image was taken as the transverse 

magnetisation at a time TE = 1.01ms after this pulse. Other relevant parameters were α = 

35° and TR = 2.4ms. A single R-R interval was used, due to shMOLLI’s low heart rate 

dependence (29), of 900ms, equivalent to a heart rate of 67 bpm. This yielded inversion 

times, TI, of 0.1, 1.0, 1.9, 2.8, 3.7, 0.18 and 0.26s. The Bloch-McConnell simulations were 

carried out in Matlab (Mathworks, Natick, MA) using an in-house implementation. The 

resulting signal magnitudes as a function of TI were fit using the shMOLLI algorithm (29), 

implemented in C and incorporated into the Matlab simulations using the Matlab C++ API.  

The relaxation and exchange rates from Section 2.1 were used as input parameters in the 

simulations. ECF was varied in 100 equally-spaced steps from 20% to 100%, and HIC was 

separately varied in 100 equally-spaced steps from 0.7 to 6.5mg/g, based on typical ranges 
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of HIC seen in patients with viral hepatitis (40) and fatty liver disease (41) in the absence of 

hereditary haemochromatosis (HH), to produce a table of simulated shMOLLI-T1 values as a 

function of ECF and HIC. We note that the numerical results presented in Section 3 are 

specific to the parameters used in these simulations, particularly the RF pulses used for 

inversion and readout, although we would expect the overall trends to be similar for other 

shMOLLI and MOLLI implementations. 

Supplementary simulations 
In order to account for the variation of some simulation parameters in the literature, and to 

demonstrate the general relevance of this model, several supplementary simulations were 

run, with ECF and HIC varied in 20 equally spaced steps  between 20% and 100%, and 0.7 

and 6.5mg/g respectively. The difference between the table of (sh)MOLLI-T1 values yielded 

by these simulations and the main simulation was calculated. In addition, the same 

statistical analysis described in Section 2.4 was run using each of the supplementary 

(sh)MOLLI-T1 data sets. The supplementary simulations were varied from the main 

simulation in each of the following ways: 

1. Assuming the same diffusivity and thus the same iron-dependence of R2 in the 

interstitium and blood as in the cells.  

2. Using the faster transcytolemmal exchange rate of 4/s. 

3. Excluding all exchange and magnetization transfer effects, except the fast exchange 

between blood and interstitium, from the simulation. 

4. Using the original MOLLI method (5) for estimating T1 rather than the shMOLLI (29) 

method. 

The differences between parameters in the main simulation and the supplementary 

simulations are summarized in Table 2. R10 was varied for each model variant to ensure that 

the shMOLLI-T1 for normal ECF and HIC was 717ms (13). R10 was not varied between the 
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main simulation and the MOLLI simulation; in this case it is only the MR measurement 

protocol that is varied, not the model itself. 

ShMOLLI-MOLLI comparison data 
In order to test the results of the shMOLLI and MOLLI simulations outlined above, five 

normal volunteers were scanned on a 3T Tim Trio scanner (Siemens, Erlangen, Germany), 

giving informed consent in accordance with our institution’s ethical practices. In each 

subject, three shMOLLI-T1 and three MOLLI-T1 maps, all ECG-gated, in the transverse plane 

of the liver were acquired using the Siemens Work-in-Progress package 561 (WIP 561), with 

the following parameters: TR = 2.4ms; TE = 0.99ms; α = 35°; FOV = 416mm; slice thickness 

8mm; acquisition matrix 192x112, GRAPPA factor 2 with 24 reference lines. A region of 

interest (ROI) in the liver of diameter approximately 2cm was drawn in an area without 

obvious blood vessels on each map and the mean shMOLLI-T1 within the ROI calculated. 

From this, a mean shMOLLI-T1 and a mean MOLLI-T1 for each subject were calculated. The 

mean difference between these two values was calculated for each subject, and a paired t-

test used to test for statistical significance of the difference at the p < 0.05 level. 

Patient data 
As part of ongoing research at our institution, some of which has been previously published 

(13, 14), all patients scheduled for liver biopsy were invited for an MR scan using the same 

3T Siemens scanner. The study was approved by our institutional review board and local 

ethics committee, and all subjects gave written informed consent. Biopsy reporting included 

assessment of liver fibrosis by the Ishak score (42).  ECG-gated ShMOLLI-T1 maps (29) were 

acquired, again using WIP 561, in the transverse plane through the right lobe of the liver and 

the spleen. Typical parameters include:  TR = 2.4-2.6ms; TE = 0.99-1.05ms; α = 35°; FOV = 

340mm-420mm; slice thickness 6mm; acquisition matrix 192x134-160, dependent on phase 

FOV, GRAPPA factor 2 with 24 reference lines. In addition, an ECG-gated multi-echo black 

blood gradient echo sequence with fat saturation was used to generate 5 T2*-weighted 



12 
 

images. Typical parameters were: TR = 26.5ms; TE = 2.46ms, 7.38ms, 12.30ms, 17.22ms 

22.14ms; α = 20°; readout FOV 340mm-420mm; acquisition matrix 192 x 134-160, 

dependent on phase FOV; slice thickness 3mm; GRAPPA factor 2 with 35 reference lines. 

Pixelwise T2* values were calculated by performing a linear fit to the logarithm of the signal 

amplitudes, except in the case of short (<7ms) T2* values, which were calculated using the 

signal ratio of the first two echo times. Hepatic lipid content (HLC) was quantified using 

stimulated echo, breath-hold 1H MR spectroscopy (43), using the integration of the water 

peak as an internal reference. In this work we express HLC as: 

HLC = F/(W x exp(TE x R2) + F),        

where: F and W are the area under the fat and water spectroscopic peaks respectively; TE is 

the spectroscopic echo time, 10ms in our experiments; and R2 is the transverse relaxation 

rate, calculated from Equations 1 and 2, given the HIC calculated using Equation 9 from the 

ROI drawn on the T2* maps, described below. For the comparison presented here, we 

selected only patients who: 

• Had HLC < 7%. 

• Had a diagnosis of viral hepatitis or steatohepatitis, diseases which affect the whole 

liver.  

For each subject, a single shMOLLI-T1 and T2* value was produced, by taking the mean in a 

circular ROI of diameter 2cm, in segment 8 of the liver and in a location consistent with the 

spectroscopy voxel, as described by Banerjee at al(13).  

The normal volunteers included by Banerjee et al ((13) had shMOLLI-T1 of 719±58ms (mean 

± standard deviation), and T2* of 19.8±2.7ms, corresponding to HIC of 0.99±0.08mg/g, 

within the normal range (44). Based on this range, we split the patients into two groups: 

those with iron within two standard deviations of the mean measured in the normal 
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volunteers, HIC ≤ 1.15 mg/g, and those with elevated iron relative to this range, i.e. HIC > 

1.15 mg/g.  

The matrix of simulated shMOLLI-T1 was used as a look-up table, as follows. For each 

subject the hepatic iron content was calculated using the relation (2, 45) 

HIC (mg/g) = 0.202 + 0.0254 x (R2*+11)/2.     (9) 

The measured shMOLLI-T1 can be associated with two ECF fractions: one which assumes the 

patient had normal iron, akin to using the shMOLLI-T1 to assess fibrosis with no information 

about the patient’s iron level, which we call ECF(shMOLLI-T1); and one taking into account 

the patient’s true HIC, called ECF(shMOLLI-T1,T2*). This process is shown in Figure 2.  

This can be taken one step further, using ECF(shMOLLI-T1,T2*) to calculate the T1 which we 

predict would be measured if the patient had normal liver iron (1.0mg/g), known as the 

iron-compensated T1, or cT1, which can be used for comparison with values measured in 

normal volunteers. The corresponding cT1 in Figure 2 would be 1046ms, compared with the 

normal T1 of 717ms. 

Patient data statistics 
All statistics were generated using the Matlab Statistics and Machine Learning Toolbox 

(Mathworks, Natick, MA). The normal volunteers were excluded from the dataset (as their 

shMOLLI-T1 values were used to establish the intracellular liquid pool R10 in the 

simulations).  The Spearman rank correlation for all subjects between ECF(shMOLLI-T1) and 

the Ishak (42) score for fibrosis was calculated, and compared to the correlation between 

ECF(shMOLLI-T1,T2*) and Ishak score. Multiple linear regression was used to test for the 

dependence of ECF(shMOLLI-T1) and ECF(shMOLLI-T1,T2*) on fibrosis (via Ishak score, 

included as an ordinal variable) and iron (via R2*). In order to ensure the validity of the 

linear model, an Anderson-Darling test at the p > 0.1 level was used to check that the 
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residuals were consistent with a normal distribution. Homoscedasticity was ensured by 

visually inspecting the plot of residuals as a function of a fitted values, and independence of 

the errors by inspecting the residuals in case order. One-way analysis of variance (Anova) 

was run on the resulting models. Again, statistical significance was set at p < 0.05. 

RESULTS 

Simulations 
The result of the main simulation of shMOLLI using the Bloch-McConnell equations including 

exchange and MT, is shown in Figure 3. The simulated ShMOLLI-T1 shows a strong 

dependence on the iron content. At normal ECF fraction (40%) shMOLLI-T1 values over a 

clinically normal (44) range of HIC from 0.7 mg/g to 1.8 mg/g range from 760ms down to 

616ms. With elevated ECF fraction this difference is even wider: at 60% ECF fraction 

shMOLLI-T1 ranges from 983ms down to 784ms. 

Figure 4 shows the differences between this main simulation and the four supplementary 

simulations. SS1, which increased the R2-shortening effect of iron in the extracellular fluid 

pool by assuming the same water diffusivity intra- and extracellularly, shows a stronger 

dependence on iron for higher ECF fractions, as would be expected. SS2, in which the 

transcytolemmal exchange rate was increased, shows small differences with the main 

simulation of less than 20ms everywhere except in the case of very low iron and high ECF. 

SS3, which removes transcytolemmal exchange and magnetisation transfer effects, shows a 

not dissimilar pattern, although with the change in the opposite direction. The MOLLI 

simulation shows similar behaviour to the shMOLLI simulations, but the normal (i.e. 40% 

ECF, 1 mg/g HIC) simulated MOLLI-T1, at 758ms, is 41ms higher than the normal shMOLLI-T1 

of 717ms. 
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ShMOLLI-MOLLI comparison 
The five volunteers, all male, were aged 32 ± 9 years (range 25 – 48). Their mean shMOLLI-

T1 was 723±65ms (mean ± standard deviation) and the mean MOLLI-T1 was 740±60ms. The 

mean intrasubject difference between MOLLI and shMOLLI was 17±8ms. The paired t-test 

showed that this difference was statistically significant, with p=0.008. 

Patient data 
Data from 77 patients were included in this study, 54 male and 23 female, aged 52 ± 13 

years (range 26 – 78). The ECF(shMOLLI-T1) values derived from the shMOLLI-T1s measured 

in patients are shown plotted in Figure 5a, with the patients with elevated iron levels (HIC > 

1.15mg/g) shown as black triangles. The seven normal volunteers, 4 female, 3 male, were 

aged 39 ± 12 years (range 27 – 55), all with body mass index in the normal range of 18 - 25. 

The ECF(shMOLLI-T1) values from these normal volunteers, whose shMOLLI-T1 values  were 

used to set the intracellular liquid pool R10 of the simulations, are included in the figures for 

comparison, but not used in calculation of any of the statistics. Figure 5b shows the result of 

taking the patients’ and volunteers’ iron levels into account to calculate ECF(shMOLLI-

T1,T2*), using the look up table generated from the data in Figure 3. Ishak scores of 0-1 are 

associated with ECF(shMOLLI-T1,T2*) of around 50%, while Ishak scores between 2 and 5 

give average ECF(shMOLLI-T1,T2*) of 55-65%. An Ishak score of 6, denoting cirrhosis, is 

associated with an average ECF(shMOLLI-T1,T2*) of 71%. Figure 5c shows the relation 

between shMOLLI-T1 and Ishak score, and Figure 5d the same comparison between cT1, the 

T1 we calculate that would have been measured if the patient’s iron levels had been normal, 

and Ishak score, showing the same trend as seen with ECF(shMOLLI-T1,T2*) towards 

increased agreement between cT1 values for patients with normal and high HIC, particularly 

for the large groups of patients with Ishak scores 1-2. 
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Patient data statistics 
The overall Spearman correlation between ECF(shMOLLI-T1,T2*) and Ishak score is 0.75, 

improved compared to 0.64 for ECF(shMOLLI-T1) and Ishak score. However, 77 patients is 

not sufficient to demonstrate that this is a statistically significant increase. Table 3 splits the 

correlation into that for patients with normal iron and those with elevated iron. The 

correlation coefficient in patients with normal iron is statistically significant and strong for 

both ECF(shMOLLI-T1) and ECF(shMOLLI-T1,T2*) with Ishak score. ECF(shMOLLI-T1) values 

for patients with elevated iron are poorly correlated with Ishak score, and the correlation is 

not statistically significant. Calculating ECF(shMOLLI-T1,T2*) improves the correlation 

coefficient and the correlation becomes statistically significant.  

Table 4 shows the Spearman correlation coefficients for all patients combined, and 

abnormal iron subjects separately, for ECF(shMOLLI-T1) as well as ECF(shMOLLI-T1,T2*) 

calculated from the main simulation and the supplementary simulations. It also includes the 

linear regression coefficients for iron and associated p-values, showing that the statistically 

significant dependence of ECF(shMOLLI-T1) on iron is removed by all versions of the model 

used to calculate ECF(shMOLLI-T1,T2*), and that differences between the performance of 

the main model and those used in the supplementary simulations are small.   

DISCUSSION 
Multi-compartment models, consisting of tissue or water environments mixed on a sub-

voxel level, have often been used to interpret quantitative MRI. Dynamic contrast 

enhancement (DCE) experiments (38), for example, are commonly interpreted by fitting the 

time evolution of the signal in the liver and blood to a model function with parameters 

related to magnetic resonance parameters of the tissue (compartmental T1, T2 and 

equilibrium magnetisation), pharmacokinetic rate constants, or physiological values (e.g. 

tissue compartment water lifetimes) (36, 38). 
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This study takes the opposite approach of constructing a relatively simple multi-

compartment model of the liver, which reflects changes in iron and which uses increasing 

ECF as a proxy for fibrosis. Known physiological and MR parameters of the liver and its 

components are then used to predict the outcome of shMOLLI-T1 experiments based on the 

Bloch-McConnell equations. This simulated table of shMOLLI-T1 enables us to calculate ECF 

from shMOLLI-T1 without bias due to iron, ECF(shMOLLI-T1,T2*), and also to calculate cT1, 

the T1 that would have been measured if the patient had normal iron levels.  

As detailed in the methods section, most of the parameters for the components could be 

reliably established from the literature, with a few exceptions. The detailed dependence 

used here of liver R2 and R2* on iron content has been extensively validated (1, 2, 24), and 

the dependence of R1 on iron has been validated against biopsy (24). However, there is 

some freedom in how the iron in the model is distributed between the two compartments. 

We chose to assume that iron deposition is relatively homogeneous between the 

parenchyma and extracellular space, based on the fact that most diseases have relatively 

mixed iron deposition (30). This differs somewhat from the cases used to determine the 

calibration curves (1, 2), which were based on data from patients with transfusional iron 

overload, in which iron preferentially accumulates first in the Kupffer cells in the 

reticuloendothelial system surrounding the sinusoidal spaces. However, we note from the 

Monte Carlo simulations of Ghugre (20) that the presence or absence of iron in the 

sinusoidal spaces made little difference to the functional form of the R2 and R2* 

dependence on iron. We infer from this that the exact distribution of iron within the 

different spaces does not substantially affect the model.  

The other possible issue with using R2 calibration of St Pierre et al (1) is that R2 was 

measured using a single spin echo sequence. In patients with high levels of iron, particularly 

high levels of haemosiderin (which aggregates into larger particles), R2 measured using a 

fast spin echo sequence is dependent on echo spacing (46). However, the maximum iron 
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level for the patients included in our study was less than 2.5mg/g. The contribution of 

aggregate, haemosiderin-like iron at this relatively low level is minimal, much less than 10% 

(46). We thus chose not to incorporate any echo-spacing dependence of R2 into the model 

reported here. 

The R2* calibration presented by Wood et al (2) and extended to 3T by Storey et al (45) is 

based on a somewhat different multi-echo gradient echo acquisition than that used here. 

Fat saturation was included in our work as the wider study population included patients 

with high HLC (13, 14), a problem unlikely to be encountered in the thalassaemia cohort 

used in the original R2*-HIC studies. We also included black blood preparation to avoid 

artefacts arising from flowing blood, which has been shown in the heart to have no 

significant effect on the measured T2* values while improving reproducibility (47). Finally 

the echo times were substantially longer than those employed by Wood et al (2), and 

moderately longer than those used by Storey et al (45). This was primarily because we were 

not anticipating the high levels of iron overload in our patient population, which was borne 

out by the maximum HIC of 2.5 mg/g in the sub-population studied in this paper, with most 

patients having T2* above 15ms. The final difference was that we used a linear fit to the log-

transformed data, rather than a monoexponential fit with offset (2). While we were careful 

to avoid strong bias from noise in the later echoes by using just the first two echo times for 

patients with high HIC, this was subjectively determined. However, any errors due to this 

linear fitting procedure will have tended to lead to overestimation of the T2* and thus 

undercorrection in ECF(shMOLLI-T1, T2*) and cT1. 

Apart from R10, the intracellular R1 in the absence of iron, there were three parameters that 

could not easily be determined from the literature: the transcytolemmal and 

transendothelial exchange rates, and the scaling of the extracellular relaxivities on iron. 

Supplementary simulations were carried out in order to study the effect of changes in these 

parameters on the model predictions. As demonstrated in Table 4 and Figure 4, the 
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dependence of shMOLLI-T1 on iron and ECF was not strongly affected by any of these 

variations, despite the wide range of values for R10. 

There is a relatively large difference between normal simulated MOLLI-T1 and shMOLLI-T1 

of 41ms. This is somewhat surprising, given the close correspondence between MOLLI- and 

shMOLLI-T1 measurements in the heart at 3T (29).  However, the result is somewhat borne 

out by the difference between shMOLLI and MOLLI T1 values measured in five normal 

volunteers of 17ms. In the model, the difference arises because the time constant for 

transcytolemmal exchange in the liver model of 0.52/s is very similar to the difference in R1 

between the intra- and extracellular compartments (0.89/s). It is therefore possible that the 

disagreement on the size of the difference between the model and in vivo measurement 

may indicate an error in the transcytolemmal exchange rate used in the simulations. This 

would not have made a difference to the conclusions of this study, as shown by the small 

difference between the main simulation and SS2. It does, however raise the interesting 

question of whether different MOLLI sampling schemes may be affected differently by 

changes in transcytolemmal exchange rates in the liver.  

Other fast T1 mapping sequences exist without MOLLI’s sensitivity to T2 (6). However, 

MOLLI is attractive for hepatic T1 mapping due to its accuracy (48) and is available from at 

least one commercial vendor. At least two published studies (7, 13) have used MOLLI- or 

shMOLLI-T1 measurements in assessing fibrosis, with other studies also using inversion 

recovery techniques which are not immune to T2 bias, primarily due to the T2-weighting of 

adiabatic inversion pulses (11, 48).  We note that iron still has an effect on native T1, and 

will thus act as a confound irrespective of T1 mapping technique. It is also important to 

observe that even iron levels well within those expected in normal populations (i.e. <1.8 

mg/g (44)) cause clinically significant changes in shMOLLI-T1: a change in iron of as little as 

0.4mg/g leads to a change in ECF(shMOLLI-T1) of -7%, equivalent to a loss of two Ishak 

stages. 
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A limitation of this study is a lack of independent validation of the model. Phantom 

validation is challenging: no general multi-compartment tissue phantom exists for MR, 

although some work has been carried out on multi-compartment perfusion models (49). 

Similarly, developing phantom models of iron accumulation in the liver is not 

straightforward (50), due to the complex dependence of R2 on the clustering of ferritin in 

cells.  

The group of patients presented in this paper only had HICs extending to around 2.5 mg/g, 

as higher HIC in patients with viral hepatitis and steatohepatitis without HH is relatively 

uncommon although still relatively prevalent in other study populations (40, 41). While 

there was no obvious trend towards increased error between the linear model and the data 

at high HIC (data not shown), the portions of Figures 3 and 4 above 2.5 mg/g should 

therefore be taken with more caution as indicators of how higher HIC may alter shMOLLI-T1. 

The simplicity of the model means that it clearly does not capture all the details of fibrosis 

development in the liver. Notably, some of the calculated ECF(shMOLLI-T1,T2*) values in 

cirrhotic livers exceed 80%, when extracellular volume assessed by contrast-enhanced CT 

does not exceed 50% (51). This is not wholly surprising: we have assumed that, in fibrosis, all 

tissue parameters apart from the interstitial volume stay fixed. It is not implausible to 

imagine that intrinsic intracellular or extracellular relaxation rates change in disease, or that 

transcytolemmal exchange rates shift. It has also been previously observed that 

inflammation is known to affect T1 (11), as well as fibrosis. Thus, while we call the 

parameter ECF(shMOLLI-T1,T2*) because of its origin in this model, it should not be 

interpreted as strictly referring to the proportion of tissue water contained extracellularly.  

We believe that the strongest argument for the validity of the model is the removal of the 

strong dependence on R2* of shMOLLI-T1 by applying the lookup process to produce the 

iron-corrected cT1. Because the only fixed free numeric parameter is set by the healthy 
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volunteer group, the effect of the model in removing the iron-dependence of the ECF 

estimate is independent of the patient data.  

In conclusion, we have presented a novel, simple tissue model and shown that when 

combined with Bloch-McConnell simulations it can be used to investigate the competing 

effects of iron and fibrosis on shMOLLI-T1 measurements. The model can be used to remove 

the effect of iron on estimates of ECF (a proxy for fibrosis in this model), enabling 

assessment of fibrosis using T1 measurements in patients with high iron.  
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Model parameter Value Reference 
vS 0.07(1-vE) (19) 
R2S (s-1) 1/(7.7x10-6) (19) 
R1S (s-1) 1 (15) 
kSL (s-1) 3.52/vS (19) 
kLS (s-1) 3.52/vL (19) 
vL 0.93(1-vE) (19) 
R2L (s-1) 9.3 + 46.0 x (HIC)0.701 - 0.773 x (HIC) 1.402 (1, 20) 
R1L (s-1) 1.36 + 0.029 x HIC (24) 
kLE (s-1) 0.52/vL (25) 
kEL (s-1) 0.52/vE (25) 
vI Normal 0.2; simulated from 0 – 0.95 (16, 18) 
vB (1-vI)/4 (16, 18) 
vE vI + vB (16, 18) 
R2E (s-1) (3.64vB + 2.9vI)/vE + 26.82 x (HIC)0.701 - 0.451 x (HIC)1.402 (1, 19-22) 
R1E (s-1) 0.518vB/vE + 0.44vI/vE + 0.029xHIC (19, 22, 24) 
Table 1. Simulation parameters for the various compartments in the model shown in Figure 

1. See the text for explanations of the parameter choices. The v are all volume fractions and 

thus unitless. Hepatic iron concentration, HIC, is measured in units of mg Fe/g dry weight. 
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Simulation R2E/Hz kcyt vL vS Sampling 
scheme 

R10/Hz 
[T10/ms] 

Main (0.216 + 2.9vI)/vE + 26.82 x (HIC)0.701 

- 0.451 x (HIC) 1.402 
0.52 0.93 x 

(1-vE) 
0.07 x 
(1-vE) 

5(1)1(1)1 1.361 
[735] 

SS1 (0.216 + 2.9vI)/vE + 38.31 x (HIC)0.701 

- 0.644 x (HIC) 1.402 
- - - - 1.263 

[792] 
SS2 - 4 - - - 1.238 

[808] 
SS3 - 0 1-vE 0 - 1.613 

[620] 
MOLLI - - - - 3(3)3(3)5 1.361  

[735] 
Table 2. Changes in simulation parameters for the supplementary simulations. Dashes 

indicate that the parameters are the same as in the main simulation. Note that R2L is also 

altered in SS1 via Equation 3. Both MOLLI sampling schemes involve three inversion pulses. 

The first number indicates the number of heartbeats on which single shot images are 

acquired after the first inversion pulse, with the bracketed number indicating the number of 

further heartbeats’ recovery before the next inversion pulse is executed, and so on (48). 

SSn: supplementary simulation n; HIC: hepatic iron concentration; MOLLI: modified Look-

Locker inversion recovery. Other symbols are defined in Figure 1. 
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Spearman’s R ECF(shMOLLI-T1)  ECF(shMOLLI-T1,T2*) 
HIC ≤ 1.15 mg/g 
(N=56) 

0.78**     0.80** 

HIC > 1.15 mg/g 
(N=21) 

0.43      0.52† 

† p < 0.02; ** p < 0.0001   
 
Table 3. Spearman’s correlation coefficients, R, between extracellular fluid fraction (ECF) 

estimates and Ishak score for patients with normal and elevated iron. HIC: hepatic iron 

concentration; N: number of patients. 
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  R (all 
patients) 

R (HIC > 
1.15mg/g) 

Fibrosis 
coefficient 
(%ECF/ 
Ishak stage) 

Iron 
coefficient 
(% ECF/ 
Hz R2*) 

Iron 
coefficient 
(% ECF/ 
mg/g HIC) 

Iron 
Anova  
p-
value 

ECF(shMOLLI-T1) 0.64** 0.43 3.5±0.8** -0.24±0.04** -19±3** 10-8 

ECF(shMOLLI-
T1,T2*) 

Main 0.75** 0.52† 3.7±0.9** -0.05±0.04 -4±3 0.16 
SS1 0.76** 0.59* 4.2±1.0** -0.01±0.04 -0.7±3 0.84 
SS2 0.75** 0.55† 3.9±0.9** -0.06±0.04 -5±3 0.11 
SS3 0.76** 0.56* 3.4±0.8** -0.04±0.04 -3±3 0.32 

†p < 0.02; *p < 0.01; **p < 0.0001 
 

Table 4. Spearman’s correlation coefficients between extracellular fluid fractions (ECF) 

determined from shortened modified Look-Locker (shMOLLI) T1 values alone, ECF(shMOLLI-

T1), or shMOLLI-T1 and iron assessed by T2*, ECF(shMOLLI-T1,T2*), and Ishak score, and the 

coefficient for the effect of iron on ECF from the linear regression. Regression coefficients 

are shown as estimate ± standard error. R: Spearman’s correlation coefficients for the linear 

regression; HIC: hepatic iron concentration. 

  

  



32 
 

 

Figure 1. A diagram of the tissue model used in this study. The parameters for each 

compartment used in the simulation are shown in Table 1. 
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Figure 2. A table showing possible shMOLLI-T1 values in milliseconds for different HIC and 

ECF fractions.   This measured T1 depends on both parameters so that in the case of a 

measured T1 of 813ms. If HIC is assumed to be normal, at 1.0mg/g, we infer an 

ECF(shMOLLI-T1) of 0.5, close to the normal value of 0.4. In this case the T2* is 6.7ms 

corresponding to a true HIC of 2.25mg/g, which means that the obtained ECF(shMOLLI-

T1,T2*) is actually much higher, at 0.7.   
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Figure 3. Simulated shMOLLI T1 in milliseconds at 3T as a function of the fluid content 

(extracellular fluid fraction) and iron level in the liver.  
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Figure 4. Left: the equivalent of Figure 3 for each supplementary simulation, showing 

(sh)MOLLI-T1 as a function of ECF and HIC. Right: the difference in (sh)MOLLI-T1 between 

each simulation and the main (shMOLLI) simulation. 
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Figure 5. Parts a and b show the relationship between ECF(shMOLLI-T1) and ECF(shMOLLI-

T1,T2*) and fibrosis assessed by Ishak score. Part c shows the correlation of T1 with Ishak 

score, while part d demonstrates the impact of applying the algorithm shown in Figure 2 to 

calculate cT1, an iron-compensated ShMOLLI-T1, from the simulated ShMOLLI-T1.  
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