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Introduction: End stage liver disease (ESLD) is associated with loss of muscle mass

and function, known as sarcopenia, which can increase the risk of complications of

ESLD, hospitalization and mortality. Therefore, the accurate assessment of muscle mass

is essential to evaluate sarcopenia in ESLD. However, manual segmentation of muscle

volume (MV) can be laborious on cross-sectional imaging, due to the number of slices

that require analysis. This study aimed to investigate the impact of reducing the number

of slices required for MV estimation. Further, we aimed to compare two equations utilized

in estimating MV (cylindrical and truncated cone).

Methods: Thirty eight ESLD patients (23 males; 54.8 ± 10.7 years) were recruited from

the Queen Elizabeth University Hospital Birmingham. A 3T MRI scan was completed

of the lower limbs. Quadriceps MV was estimated utilizing 1-, 2-, 3-, and 4 cm slice

intervals with both cylindrical and truncated cone equations. Absolute and relative error

(compared to 1 cm slice interval) was generated for 2-, 3-, and 4 cm slice intervals. L3

skeletal muscle index (SMI) was also calculated in 30 patients.

Results: Relative error increased with slice interval using the cylindrical (0.45

vs. 1.06 vs. 1.72%) and truncated cone equation (0.27 vs. 0.58 vs. 0.74%)

for 2, 3, and 4 cm, respectively. Significantly, the cylindrical equation produced

approximately twice the error compared to truncated cone, with 3 cm (0.58 vs.

1.06%, P < 0.01) and 4 cm intervals (0.74 vs. 1.72%, P < 0.001). Finally,

quadriceps MV was significantly correlated to L3 SMI (r2 = 0.44, P < 0.0001).
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Conclusion: The use of the truncated equation with a 4 cm slice interval on MRI offers

an efficient but accurate estimation of quadricep muscle volume in ESLD patients.

Keywords: MRI, muscle volume, end stage liver disease, muscle mass, sarcopenia

INTRODUCTION

End stage liver disease (ESLD) is the leading cause of death
among adults aged 35–49 years in the UK and mortality rate
has increased 4-fold since 1970 (1). A common and significant
complication of ESLD is sarcopenia, in which muscle mass,
quality and function become compromised. It is believed that
sarcopenia affects ∼22–70% of ESLD patients (2) and can have
a significant impact upon patient quality of life, risk of mortality
and may adversely affect the outcome of liver transplantation
(3). Thus, the accurate and reliable assessment of muscle mass
in ESLD is vital to assist in the identification and treatment
of sarcopenia.

At present, there is a lack of comprehensive research into the
assessment of sarcopenia in relation to ESLD, although a large
range of sarcopenia prevalence has been reported. This is partly
due to discordance in specific clinical definitions and applicable
diagnostic cut-off values (4). Currently, the gold standardmethod
of assessing sarcopenia in ESLD is based on anatomical cross-
sectional area (ACSA) of a single axial computed tomography
(CT) scan, typically at the third lumbar vertebral level (L3).
Indeed, significant attempts have been made to develop these
cut-off values for L3 skeletal muscle index (SMI) (5). Specific cut
offs for L3 SMI of <50 and <39 cm2/m2 have previously been
developed in a large multi-center study for men and women,
respectively (3). However, as there is an associated radiation
risk involved with CT scans it would be shrewd to implement
alternative methodologies to assess and monitor sarcopenia
status. One such method is magnetic resonance imaging (MRI)
which offers excellent image resolution for the analysis of muscle
mass, compared with CT. Although the assessment of L3 SMI is
common, it has been suggested that the quadricep muscles may
offer a more suitable alterative for the assessment of muscle mass
(6); primarily due to clear defined muscle borders and a larger
sensitivity to change in disease states associated with sarcopenia
(7, 8). Indeed, the lower extremities contain >50% of total body
muscle mass, of which a large majority is contained within the
thigh (9). In addition, the quadricep muscles are known to
correlate with functional ability, unlike muscles at L3 that are
minimally influenced by activity levels (6, 10). It is for this reason
that quadriceps muscle volume (MV) is widely used as a measure
of muscle mass in age-related sarcopenia research as well as in
targeted intervention studies (11–13). However, to the best of our
knowledge, quadriceps MV has not previously been evaluated in
an ESLD population.

The calculation of quadriceps MV typically requires the
manual segmentation of multiple MRI ACSA slices, such that the
summation of volumes between slices equates to totalMV.Whilst
manual segmentation is very time intensive and challenging to
implement in large research studies/clinical practice, it is still
considered the most accurate method of quantifying skeletal

MV (14). To overcome the time consuming nature of manual
segmentation, several studies have investigated the impact of
increasing the slice interval (and hence reduce the number of
slices required) on MV accuracy (7, 15–17). However, these
studies have all been completed in healthy populations and thus it
is currently unknown whether the same time saving approaches
can be applied to ESLD.

Aside from the impact of slice interval on the accuracy of
MV estimations, investigators are typically required to utilize
mathematical equations to calculate MV. The two most widely
used methods are the cylindrical (or Cavalieri) equation and
the truncated cone equation. Previous studies are somewhat
inconclusive as to which is the most appropriate to use; however
there is a suggestion that the cylindrical equation is the more
accurate of the two (15, 17, 18). Nonetheless, it is unclear how
these equations would influence MV estimations and subsequent
error in a challenging ESLD cohort.

Thus, the aim of this study was 2-fold. Firstly, to assess
the impact of slice interval on the accuracy of quadriceps
MV estimation in a cohort of ESLD patients. And secondly,
to ascertain whether cylindrical or truncated cone equations
produce less error in the estimation of quadriceps MV when
slice interval is increased. We hypothesize that a larger slice
interval would result in higher absolute and relative error
and, consistent with previous work in healthy individuals, the
cylindrical equation would result in smaller errors.

MATERIALS AND METHODS

Participants
We recruited 38 ESLD patients from the Queen Elizabeth
Hospital (Birmingham, UK) liver transplant waiting list clinic
(23m/15f) as part of a larger, prospective observational study
(ClinicalTrials.gov Identifier: NCT04734496). Patients had a
mean age of 54.8 ± 10.7 years and a mean BMI of 29.8 ± 6.7
kg/m2. Disease etiology consisted of alcohol related liver disease
(n = 18), primary sclerosing cholangitis (n = 9), primary biliary
cirrhosis (n= 4), non-alcoholic liver disease (n= 5) and other (n
= 2). Disease severity was determined by a mean Model for End
Stage Liver Disease (MELD) score of 13.7 ± 4.7 and 71% had
either Childs-Pugh B/C. The study was approved by the Health
Research Authority - West Midlands Solihull Research Ethics
Service Committee Authority (REC reference: 18/WM/0167). All
patients provided written informed consent.

MRI Protocol and Quadriceps Manual
Segmentation
Images were collected using a 3T Cobalt MRI scanner with a T1
VIBE protocol: repetition time 600ms, echo time 15.2ms, field
of view 512 × 512mm, slice interval 1 cm, with no gap between
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slices. Offline manual segmentation of the quadriceps muscle
group from the dominant leg was completed by two investigators
(EB, CJ) via ITK-SNAP (version 3.8.0). For the calculation of MV,
∼23 ACSA slices were analyzed across a restricted quadriceps
region of interest (ROI) (Figure 1). Similar to previous work,
both proximal and distal extremes of the quadriceps were omitted
from analysis to increase accuracy (19). The proximal limit was
identified as the appearance of the lesser trochanter and the
distal limit as 20% above the proximal aspect of the patella
(Figure 1). For individual ACSA analysis, any sections which
were distinctively identified as inter or intramuscular adipose
tissue or non-contractile tissue were not included in muscle
ACSA analysis. Following the assessment of muscle ACSA, MV
was estimated via two previously utilized equations; cylindrical
(Equation 1) and truncated cone (Equation 2). For each equation,
MV was calculated utilizing slice intervals of 1, 2, 3, and 4 cm.

MVcylinder = 6
(

CSAn × slice distance
)

Equation 1: Cylindrical calculation of muscle volume.

MVcone = 6

((

1

3
× slice thickness

)

×

[

CSAn +
√

(CSAn × CSAn+1)+ CSAn+1

])

Equation 2: Truncated cone calculation of muscle volume,
whereby both the current and sequential ACSA are required for
the estimation.

L3 SMI Estimation
Muscle CSA at the L3 level was manual segmented via
Horos software (version 3.3.6) by a single investigator (JQ).
Muscles at the L3 region included the psoas, erector spinae,
quadratus lumborum, transversus abdominus, external and
internal obliques, and rectus abdominus. Consequently, L3 SMI
was calculated by dividing L3 muscle CSA by the squared height
of each patient (cm2/m2). This analysis was only available for
n= 30.

Muscle Volume Inter-rater Reliability
Despite moderate to excellent inter-rater reliability for muscle
manual segmentation being reported elsewhere [19]; we wanted
to test the reliability within an ESLD population. Therefore, a
separate experienced investigator (JQ) randomly selected eight
scans within the study for the inter-rater reliability to be assessed
via intraclass correlation analysis (ICC), completed using SPSS
(IBM corp. version 26.0). The results of the two-way mixed ICC
analysis were as follows: within the cylindrical equation = 0.999
(95% confidence = 0.989–1.00), and with the truncated cone
equation ICC= 0.999 (95% confidence interval= 0.95–1.00).

Statistical Analysis
To compare the impact of slice interval for the assessment of MV,
Bland-Altman plots were created via GraphPad Prism (Version
9.2.0) to determinemean bias and 95% limits of agreement (LOA)
(20). The comparator method of MV estimation (i.e., 1 cm slice
interval) for both equations were compared against 2, 3, and

4 cm slice intervals and the difference plotted against average
volumemeasures [i.e., (A – B) vs. average, whereby A is 1 cm slice
interval and B is 2, 3, or 4 cm]. In addition, the absolute (cm3)
and relative (%) error for MV was calculated for 2-, 3-, and 4 cm
slice intervals. Specifically, this was calculated as the difference in
MV estimation compared to MV value obtained with 1 cm slice
interval. To compare the effect of increased slice interval as well
as the effect of equation on MV estimations, a two-way ANOVA
with Tukey post-hoc analysis was completed. Finally, Pearson’s r
was used to assess for correlation between muscle volume and L3
SMI. For all tests, results were considered statistically significant
when P < 0.05.

RESULTS

Slice Interval
Bland-Altman analysis (Figure 2) revealed that almost all data
points fell within the 95% LOA with 2 cm (36/38, 95% and 36/38,
95%) 3 cm (37/38, 97% and 36/38 95%) and 4 cm slice intervals
(36/38, 95% and 35/38, 92%) for cylinder and truncated cone,
respectively. The plots demonstrated that as the slice interval
increased, the agreement for the 1 cm slice interval decreased.
Both cylinder and truncated cone equations demonstrated a
positive mean bias (i.e., underestimation) at all slice intervals.
Mean bias values (95% LOA) for the cylindrical equation were
+3.9 cm3 (−3.6 to 11.4), +10.0 cm3 (−6.4 to 26.6 cm3) and
+15.8 cm3 (−5.4 to 37.0 cm3) for 2, 3, and 4 cm, respectively. The
truncated cone equation demonstrated consistently lower mean
bias and LOA values: +1.2 cm3 (−4.8 to 7.3 cm3), +3.7 cm3

(−7.0 to 14.5 cm3) and +6.0 cm3 (−6.8 to 18.9 cm3) for 2, 3,
and 4 cm, respectively. Absolute error increased significantly in
cylinder equation between 2 and 3 cm (4.4 ± 3.1 cm3 vs. 10.5 ±
7.8 cm3 P < 0.001), 2 and 4 cm (4.4 ± 3.1 cm3 vs. 16.850 cm3, P
< 0.0001) and from 3 to 4 cm (10.5 ± 7.8 cm3 vs. 16.9 cm3 P <

0.0001) (Figure 3A). Whereas, an increased error was only seen
between 2 and 4 cm for the truncated cone equation (2.6 ± 2.0
cm3 vs. 7.2 ± 5.1 cm3 P < 0.01, Figure 3B). Relative error (%)
also significantly increased using the cylinder equation between
2 and 3 cm (0.45 ± 0.3% vs. 1.06 ± 0.7% P < 0.001), 2 and 4 cm
(0.45 ± 0.3% vs. 1.72 ± 0.8% P < 0.0001), and 3 and 4 cm (1.06
± 0.7% vs. 1.72 ± 0.8% P < 0.0001) (Figure 3C). Relative error
using the truncated cone equation increased only between 2 and
4 cm intervals (0.27 ± 0.2%, vs. 0.74 ± 0.5%, P < 0.01), and was
unchanged between 2 and 3 cm (0.27± 0.2% vs. 0.58± 0.4%) and
3 and 4 cm (0.58± 0.4% vs. 0.74± 0.5%) (Figure 3D).

Cylinder vs. Truncated Cone Estimates
2-way ANOVA analysis showed a significant interaction (P =

0.0001) and main effect for slice interval (P < 0.0001) and
equation (P < 0.0001). Tukey’s post-hoc multiple comparisons
showed that the truncated cone equation produced significantly
less absolute error at 3 cm (5.5 ± 3.6 cm3 vs. 10.5 ± 7.8 cm3 P
< 0.001) and 4 cm intervals (7.2 ± 5.1 cm3 vs. 16.8 ± 9.1 cm3

P < 0.0001). Similarly, relative error was also lower using the
truncated cone equation compared with cylinder at both 3 cm
(0.58 ± 0.4% vs. 1.0 ± 0.8% P < 0.001) and 4 cm intervals (0.74
± 0.5% vs. 1.7± 0.9% P < 0.0001).
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FIGURE 1 | Representative image of a segmented quadricep femoris muscle from an ESLD patient. (A) Viewing in a cephalad direction, each color represents a

separate cross section at 1 cm inter-slice distance, (B) a coronal plane MRI demonstrating the distribution and location of equivalent segments.

FIGURE 2 | Bland–Altman plots showing the effect of slice interval on quadriceps muscle volume estimation. Plotted values show the difference between 1 cm slice

interval and values generated from 2- (A,D), 3- (B,E), and 4 cm slice interval (C,F) utilizing the cylinder (A–C) and truncated cone equations (D–F). Red dashed line

represents 95% LOA and blue dash represents the mean bias.
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FIGURE 3 | Absolute (A,B) and relative (C,D) error with increased slice interval compared with 1 cm slice intervals using cylinder (blue) and truncated cone equation

(red). P-values for slice interval comparison within equation were **P < 0.01, ***P < 0.001, and ****P < 0.0001. P-values for comparing either absolute error or relative

error between equations (at same slice interval) were $$ P < 0.01, $$$$ P < 0.0001.

Correlation Between L3 SMI and Muscle
Volume
A significant positive correlation was seen between quadriceps
MV (estimated by truncated cone equation and 4 cm interval)
and L3 SMI (r2 = 0.44, P < 0.0001, Figure 4).

DISCUSSION

The accurate estimation of MV is essential for understanding
and evaluating sarcopenia in chronic disease states such as

ESLD. However, the manual segmentation of muscle from

MRI sequences is notoriously time consuming and open to

interpretation error. Our data suggest that increasing the
interslice distance from 1 cm to 2-, 3, and 4-cm, is associated

with higher absolute and relative error. However, the relative

error remained low at <1% for truncated cone and <2% for

cylindrical for all inter-slice distances, even when increased to

4 cm. Bland-Altman analysis demonstrated that ∼95% of the
data points at 4 cm slice intervals fell within the 95% LOA
when compared to 1 cm slice interval (37/38 points and 36/38
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FIGURE 4 | Correlation between L3 SMI and quadriceps muscle volume

(estimated via truncated cone and 4 cm interval).

points for cylinder and truncated cone, respectively, within the
95% LOA). Contrary to our secondary hypothesis, our data
suggest that the truncated cone equation produces less absolute
and relative error than the cylindrical equation when using a
restricted quadriceps muscle ROI in patients with ESLD. Finally,
we also demonstrated a significant positive correlation between
MV and the gold standard in the hepatology field, L3 SMI,
highlighting the relevance of quadriceps MV.

Inter-slice Distance
In agreement with our hypothesis, as slice interval increased
from 1 to 4 cm, the error in MV estimation also increased,
irrespective of the equation used. Although this observation was
an expected outcome of our study when calculating volume
from ACSA measurements alone (21), it is possible to estimate
MV from a single ACSA slice (22). Nonetheless, whilst we
observed an increase in both the relative and absolute error
for both equations across the inter-slice distances (Figure 3), in
agreement with previous research on healthy adults (16, 17),
even at a slice interval of 4 cm, the relative error remained
minimal (0.74 and 1.72% for truncated cone and cylinder,
respectively). The measured error was likely caused by a
systematic under-estimation of MV following the increase in
slice interval as demonstrated via a positive bias in all cases
(Figure 2). It is also possible that under-estimation bias was the
result of an increased slice interval due to the irregularity of
muscle distribution and quadriceps composition present in ESLD
patients. Indeed, ESLD is associated with an increase in adipose
tissue and particularly an infiltration of fat (IMAT) within the
muscle (23). Inherently, an increase in IMAT makes manual
segmentation of the quadriceps significantly more challenging
and when the slice interval is increased, it may impose greater
assumptions on distinguishing between muscle mass and other
tissue. Indeed, if the analyzed slice is low in IMAT, then a larger
slice interval assumes IMAT remains low (and muscle ACSA
high) over this extended portion of the muscle. In contrast, if
the analyzed slice is high in IMAT (and muscle ACSA low),

then the reverse assumption would be made, i.e., lower muscle
mass over a larger proportion. We observed an apparent under
estimation following increased slice interval and thus the second
assumption is likely true in this scenario. In addition to the
IMAT artifact, when the slice interval is increased, it becomes
increasingly more likely that an investigator may miss true peaks
in muscle ACSA. In turn, the omission of these larger ACSA
values from volume analysis may result in an underestimation
of MV (16).

Cylinder vs. Truncated Cone Equation
The secondary aim of this study was to investigate the impact
of the mathematical equation (i.e., Cylinder vs. Truncate cone)
on the estimation of MV in ESLD patients. Contrary to our
hypothesis, we found that the truncated cone geometric model
appeared more reliable (i.e., lower absolute and relative error
across all slice distances) at estimating MV, compared with the
cylindrical model. This was supported by consistently smaller
95% LOA, mean bias values, and both absolute and relative
error (Figures 2, 3). Specifically, once the slice interval was
increased beyond 2 cm, both the absolute and relative error
were statistically higher with the cylindrical equation compared
with truncated cone. Our data provide evidence for the use of
the truncated cone equation in an ESLD population for the
estimation of quadriceps MV.

The mathematical basis of the cylindrical equation assumes
the measured ACSA is entirely unchanged for “x” distance and as
such, produces both under and over estimations. Theoretically,
these over- and underestimations would approximately equate
to one another, and the errors would cancel each other out. By
comparison, the truncated cone equation requires two ACSA
values (i.e., ACSA value of slice 1 and the subsequent ACSA
value with “x” slice interval); whereby the equation accounts for
the change in size between two ACSA slices. Previous research
has appeared inconclusive, but with a marginal lean toward
the cylindrical equation for accurately calculating quadriceps
MV (7, 17). Indeed, several authors have previously opposed
the use of the truncated cone equation for MV estimations
(7, 15, 17). It is pertinent to note that others have provided
evidence to defend the use of the truncated cone equation
(16). Interestingly, while Barnouin et al. (17) concluded that
the truncated cone formula was the least accurate of the four
methods they investigated (i.e., cylinder, truncated cone and
two polynomial equations); they observed similar relative error
between all methods up until 2.5 cm slice intervals. Further Tracy
et al. (16) demonstrated an ∼99% accuracy of the truncated
cone equation when using 4 cm slice intervals (16). However,
one important consideration between the above studies and
our own, is the ROI for quadriceps MV estimation. The above
studies incorporated full quadricepsMV (i.e., origin to insertion),
whereas the methodology herein excludes the proximal and
distal extremes (i.e., where ACSA changes between sequential
slices are often large). Typically, it has been suggested that the
convex shape of quadriceps prevents the truncated cone method
from accurately estimating MV and in turn resulting in an
overall underestimation (17). However, utilizing a restricted ROI
likely removed regions where the truncated cone would produce
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FIGURE 5 | Representative schematic of ACSA obtained over the restricted ROI utilizing the cylindrical (A) and truncated cone equation (B) to demonstrate

theoretical explanation for differences in error production. Dashed black line represents ACSA values obtained via 1 cm slice interval and red solid line at 4 cm slice

interval. Open bars represent underestimation and solid bars overestimation of the 4 cm slice intervals when compared to 1 cm slice intervals.

high levels of underestimation error. Indeed, changes between
sequential ACSAs in the remaining ROI are typically smaller and
hence the truncated cone equation may prove more accurate.
In contrast, the cylindrical approach does not perform as well
within this restricted ROI. In full MV estimations, the cylindrical
approach succeeds by theoretically canceling out under and over
estimations. However, in the case of a restricted ROI, an unequal
balance of under and over estimations exists, which would result
in overall error (Figure 5). As such, if the cylindrical estimation of
MV begins with distal ACSAs and works proximally (as herein),
the cylindrical equation would underestimate MV as a greater
proportion of underestimations would occur (Figure 5).

Aside from the mathematical rationale as to why our
conclusions differ to those previously discussed, it is also worth
noting that the above studies investigated healthy, non-diseased
individuals. By contrast, our study specifically considered
an ESLD population and so it may be difficult to directly
compare outcomes. Indeed, it is likely that the accuracy of
MV estimations may have been exacerbated by intrinsic factors
associated with ESLD, such as myosteatosis. Aside from ESLD
related influences, endogenous factors such as genetics and
exogenous lifestyle factors, including reduced physical activity
and/or poor nutritional intake may have collectively negatively
influenced muscle volume and hence reduced the accuracy of our
estimations (24–26). As mentioned previously, the cylindrical
model heavily relies on the assumption of evenly distributed
muscle mass throughout the limb (27). However, it has been
shown that in clinical cohorts, the quadriceps display significant
irregularities along the muscle length when compared with
healthy individuals (28). Furthermore, it is likely that loss of
muscle mass does not occur uniformly (29, 30), which could
further compound the irregularity of muscle distribution and
hence impact MV estimations via the cylindrical equation (28).
In addition to changes in the quantity of muscle, there are also
likely adverse changes tomuscle quality, such as the infiltration of

fat. Indeed, a higher prevalence of IMAT could further augment
the irregular distribution of muscle tissue; thus, impacting the
cylindrical equation more so than the truncated cone due the
fundamental assumptions associated with the former.

CONCLUSION

This is the first study to investigate the effects of slice interval
and mathematical equation (i.e., cylindrical, and truncated cone)
on MV estimations in patients with ESLD. We provide evidence
for the preferential use of the truncated cone equation over the
cylindrical equation when utilizing a restricted ROI approach
such as herein. Further we demonstrate that the slice interval can
be increased up to 4 cm whilst maintaining relatively low levels
of absolute and relative error (7.2 cm3 and ∼0.7% for truncated
cone). Finally, we also show that quadriceps MV is significantly
correlated to L3 SMI, demonstrating the relevance of our
approach. These findings provide clear evidence and rationale for
future investigators to utilize the truncated cone equation with
larger interslice distances and in turn save considerable time in
image processing and ultimately create a more feasible process of
MV estimation.
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