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Abstract

Computed tomography (CT) is a valuable assessment method for muscle pathologies such as sarcopenia, cachexia, and
myosteatosis. However, several key underappreciated scan imaging parameters need consideration for both research
and clinical use, specifically CT kilovoltage and the use of contrast material. We conducted a scoping review to assess
these effects on CT muscle measures. We reviewed articles from PubMed, Scopus, and Web of Science from 1970 to
2020 on the effect of intravenous contrast material and variation in CT kilovoltage on muscle mass and density. We
identified 971 articles on contrast and 277 articles on kilovoltage. The number of articles that met inclusion criteria
for contrast and kilovoltage was 11 and 7, respectively. Ten studies evaluated the effect of contrast on muscle density
of which nine found that contrast significantly increases CT muscle density (arterial phase 6-23% increase, venous
phase 19-57% increase, and delayed phase 23-43% increase). Seven out of 10 studies evaluating the effect of contrast
on muscle area found significant increases in area due to contrast (<2.58%). Six studies evaluating kilovoltage on mus-
cle density found that lower kilovoltage resulted in a higher muscle density (14-40% increase). One study reported a
significant decrease in muscle area when reducing kilovoltage (2.9%). The use of contrast and kilovoltage variations
can have dramatic effects on skeletal muscle analysis and should be considered and reported in CT muscle analysis
research. These significant factors in CT skeletal muscle analysis can alter clinical and research outcomes and are
therefore a barrier to clinical application unless better appreciated.
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Introduction

Computed tomography (CT) is an increasingly used method
for skeletal muscle area and density analysis due to its high
resolution and ability to discern muscle from surrounding
tissue.! Many patients receive CT scans as part of standard
clinical care, which can be used opportunistically to assess
muscle health and body composition without additional ra-
diation exposure or cost to the patient.> CT skeletal muscle

analysis has many clinical applications, including evaluating
and diagnosing various muscle wasting syndromes and con-
ditions and identifying risk and severity of malnutrition.>*
The number of studies utilizing skeletal muscle analysis
has increased in the last 5-10 vyears,” and many
demonstrate strong relationships between survival and
muscle density and/or area and in  numerous
populations, highlighting the potential clinical utility of this
approach.®™°
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However, several foundational confounding variables exist
that are often overlooked when analysing muscle using CT.
Notably, the use of contrast material and differing beam en-
ergies, in kilovoltage, may increase or decrease measured
CT muscle density, affecting the reliability of potential
diagnostic cut-off values for identifying myopathic changes
in clinical research and clinical care. These variables are
starkly underreported, exemplified by Amini et al. finding
that 94% of studies on CT muscle analyses did not report if
contrast material was present or not."

Computed tomography skeletal muscle analysis uses
computer-assisted or manual techniques to distinguish tissue
based on X-ray attenuation and can evaluate both the quan-
tity (area in cm?) and the relative density of muscle in Houns-
field units (HU or CT number). X-rays are more attenuated by
denser tissues with a higher atomic number, such as bone
(HU range +300 to 400), and less attenuated by less dense
tissues, like adipose and muscle (HU ranges: —190 to —30
and —29 to +150 HU, respectively).'* Muscle density can be
viewed as a surrogate measure of muscle quality, which
encompasses adipose infiltration in muscle tissue, or
myosteatosis, which leads to decreases in muscle tissue den-
sity and strength.*® Muscle quality is included in sarcopenia
definitions**** and is inversely associated with consequential
health outcomes, such as immobility, hospital length of stay,
and mortality.*>*®

Intravenously administered contrast material (also called
contrast agents or contrast media) is utilized clinically to in-
crease the diagnostic power of CT scans. The high atomic num-
ber of contrast material increases the visual brightness of per-
fused tissue to distinguish areas of clinical interest, that is,
contrast enhancement.'” However, contrast material also af-
fects skeletal muscle density, a fact that has been
underappreciated in the skeletal muscle research community.*

The effects of contrast material are dependent on the per-
fusion of contrast-enhanced blood through tissue. Hence, the
amount of contrast enhancement is highly dependent on
when the image was taken in relation to contrast injection,
the haemodynamics of the patient, and the vascularization
of the tissue.*® Radiologists use three specific time phases
of perfusion in diagnostic imaging—the arterial, venous, and
delayed phases. However, the exact timing of these phases
can differ between CT protocols.

Timing the phase of contrast to initiate the exam can be
performed either by tracking the amount of time that has
elapsed since contrast injection or by tracking when the bolus
of contrast material reaches a location of interest with serial
CT images of one axial slice.*®° For the arterial phase, the
contrast bolus is tracked until it reaches a threshold of 100—
150 HU in the thoracic aorta or up to 35 s after injection.?%%*
For the venous phase (also called portal or parenchymal
phase), the contrast bolus is tracked by liver enhancement,
which is about 60-90 s after injection.?° The delayed phase
is denoted 3-5 min after injection.*°

Another variable that can have a dramatic impact on CT
muscle measures is the voltage applied to the X-ray tube.
The X-rays in a CT scan originate from the energy applied to
the X-ray tube, measured in kilovoltage.'® Higher kilovoltage
allows for greater X-ray penetration through tissues, leading
to lower attenuation and thus lower HU, which is often nec-
essary to modulate to account for patient size. This variation
alters CT muscle characteristics, but the magnitude this effect
of remains ambiguous, especially in conjunction with contrast
agents. This is becoming increasingly important as lower
kilovoltage scans are explored to reduce patient radiation
exposure.?®

To establish clinically useful cut points of healthy muscle,
the effects of contrast material and beam energy must be un-
derstood. Our specific research objective is to review the cur-
rent literature to determine the effect of contrast, kilovoltage
variations, and other potential confounders (e.g. manufac-
turer, body position, and slice thickness) on CT skeletal
muscle area and density measures. Our goal is to encourage
future research to better acknowledge potential con-
founders, so CT skeletal muscle analysis may have a clear
path towards clinical implementation to improve patient care
and outcomes.

Methods
Research question

There is a lack of understanding regarding the effect contrast
and kilovoltage have on measures of muscle density and
area. As a result, we aimed to synthesize the existing litera-
ture on these topics. Our specific research question was: to
what extent do potential confounding CT variables/parame-
ters impact CT muscle measures?

We chose variables of interest from reviewing literature
and consulting with an expert clinical CT physicist (T. P. S.),
and they include presence of intravenous (IV) contrast and
contrast timing, kilovoltage, vertical patient position/gantry
position, CT device make/model, and CT slice thickness. CT
skeletal muscle measures include muscle attenuation and
area. Possible nomenclature for each of these variables and
measures is not consistent and therefore was thoroughly ex-
plored in our search terms (Figure 1). We included virtual
monoenergetic images and dual-energy CT (DECT) in search
results, which mathematically estimate kilovoltage variations.
Virtual non-contrast (VNC) studies via DECT were also present
in the literature, but none of the retrieved studies compared
VNC with contrast images and so were omitted. We chose
not to include reconstruction kernel/filter in our analysis.
For the larger regions of interest used to characterize muscle,
it is well known that changes to reconstruction kernel/filter
do not affect CT number. For small objects, which may be
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1) CT terms:

(Hounsfield [text word] OR “CT attenuation”[Text Word] OR “Tomography, X-Ray Computed”[MeSH Terms] OR “Computed Tomography” [Text Word] OR
“x-ray tomography” [Text Word])

2) Confounding variable terms:

KV:

“kv”[Text Word] OR “kilovoltage”[Text Word] OR “keV”[Text Word] OR “kiloelectron”[Text
Word] OR “voltage”[Text Word] OR “beam energy”[Text Word] OR “tube voltage”[Text Word]
OR (“spectr*”[Text Word] AND “CT”[Text Word]) OR (“spectr*”[Text Word] AND “tube”[Text
Word]) OR (“spectr*”[Text Word] AND “anode”[Text Word]) OR (“spectr*”[Text Word] AND
“generator”[Text Word]) OR (“tube”[Text Word] AND (“potential”[Text Word] OR
“energy”[Text Word])) OR (“generator”[Text Word] AND (“potential”[Text Word] OR
“energy”[Text Word])) OR (“Anode”[Text Word] AND (“potential”’[Text Word] OR
“energy”[Text Word]))

Contrast:

(“lodin*”[Text Word] OR “contrast material”[Text Word] OR “contrast media”[Text Word] OR
“contrast media”[MeSH] OR “contrast enhanc*”[Text Word] OR “with contrast”[Text Word]
OR “parenchymal”[Text Word] OR “parenchymal phase”[Text Word] OR “CTA”[Text Word] OR
“arterial phase”[Text Word] OR “delayed phase”[Text Word] OR “delayed series”[Text Word]
OR “angiography”[Text Word] OR “Angiography”[MeSH])

3) Muscle terms:

(“cachexia” [MeSH Terms] OR “cachex*”[Text Word] OR "sarcopenia"[MeSH Terms] OR “sarcopen*” [Text Word] OR “myosteato*”[Text Word] OR “myopen*”[Text Word] OR (“Muscle,
Skeletal” [MeSH Terms] AND “frailty”[MeSH Terms]) OR

(“paresis”[MeSH Terms] AND "muscle, skeletal" [MeSH Terms]) OR ("paresis" [Text Word] AND "muscle*" [Text Word]) OR ("paresis" [Text Word] AND "muscular" [Text Word]) OR “muscle
weakness”[MeSH Terms] OR “muscle weakness”[Text Word] OR "muscular weakness" [Text Word] OR

“muscular atrophy” [MeSH Terms] OR “muscle atrophy” [Text Word] OR “muscular atrophy” [Text Word] OR “muscle wasting” [Text Word] OR "muscular wasting" [Text Word] OR “muscle
function” [Text Word] OR "muscular function" [Text Word]

OR “muscle quantity” [Text Word] OR "muscular quantity" [Text Word] OR “Body Composition”[MeSH Terms] OR “body composition” [Text Word] OR “muscle quality”[Text Word] OR
"muscular quality" [Text Word] OR

(“Muscle, Skeletal”[MeSH Terms] AND “adiposity” [MeSH Terms]) OR (“muscle”[Text Word] AND “adiposity” [Text Word]) OR (“muscle” [Text Word] AND “frailty”[Text Word]) OR ("fatty
infiltration" [Text Word] AND "skeletal muscle" [Text Word]) OR (“fat infiltration”[Text Word] AND "skeletal muscle" [Text Word]) OR ("fatty infiltration" [Text Word] AND "Muscle, Skeletal"
[MeSH Terms] ) OR (“fat infiltration” [Text Word] AND "Muscle, Skeletal" [MeSH Terms]) OR (“lipid infiltration” [Text Word] AND “muscle, skeletal” [MeSH Terms]) OR (“lipid infiltration”[Text
Word] AND “skeletal muscle” [Text Word]) OR (“adipose infiltration” [Text Word] AND “Muscle, Skeletal” [MeSH Terms]) OR (“adipose infiltration” [Text Word] AND “skeletal muscle”[Text
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Word]) OR (“adipose infiltration” [Text Word] AND “muscle” [Text Word]) OR

Word] OR “radiodensities” [Text Word])) OR

[text word] OR "sarcoma" [text word] OR "tumor" [Text word] OR "tumour"[Text word])))

Word]) OR (“fat infiltration” [Text Word] AND “muscle” [Text Word]) OR (“fatty infiltration” [text word] AND “muscle” [Text Word]) OR (“lipid infiltration” [Text Word] AND “muscle” [Text

(("muscle" [Text Word] OR "muscles" [Text word] OR "muscles" [Mesh Terms]) AND (“density” [Text Word] OR “densities” [Text Word] OR “radiodense” [Text Word] OR “radiodensity” [Text

(("muscle" [Text Word] OR "muscles" [Text Word] OR "muscular" [Text Word] OR "muscle, skeletal" [MeSH Terms]) AND ("roi" [Text Word] OR "region of interest"[text word])) OR

((("muscle" [Text Word] OR "muscles" [Text Word] OR "muscular" [Text Word] OR "muscle, skeletal" [MeSH Terms]) AND ("mass" [text word])) NOT ("neoplasms" [MeSH terms] OR "cancer"
[text word] OR "carcinoma" [text word] OR "sarcoma" [text word] OR "tumor" [Text word] OR "tumour"[Text word])) OR

(("muscle" [Text Word] OR "muscles" [Text Word] OR "muscular" [Text Word] OR "Muscle, Skeletal" [MeSH Terms]) AND ("segmentation"[Text Word])) OR ((("muscle" [Text Word] OR
"muscles" [Text Word] OR "muscular" [Text Word] OR "Muscle, Skeletal" [MeSH Terms]) AND ("area"[Text Word])) NOT ("neoplasms" [MeSH terms] OR "cancer" [text word] OR "carcinoma"

Figure 1 Example systematic search terms for PubMed. Search terms were translated to site-specific syntax for Scopus and Web of Science. Only one
confounding variable term group was included per search (2). ‘* indicates that any suffix may be used for word. CT, computed tomography; kV,

kilovoltage; MeSH, Medical Subject Headings terms.

‘smoothed’ until their intensity profiles are lowered, changes
in reconstruction kernel/filters will cause changes to CT
number.?*

Identifying relevant studies

We used PubMed, Scopus, and Web of Science to identify lit-
erature. Search strategy was developed with the assistance
of three University of Wisconsin—Madison Science & Engi-
neering Librarians who serve as subject liaisons to the De-
partment of Nutritional Sciences. We placed search terms
in three groups, with each term within the group combined
with a Boolean ‘OR’ and each group combined with a Bool-
ean ‘AND’. Groups were CT terms, confounding variable
terms (one per search), and muscle terms. The Boolean
operator ‘NOT’ was used to omit combining cancer-related

articles with ‘muscle’ + ‘mass’ and ‘muscle’ + ‘area’ terms
due to a high amount of retrieval noise in this subcategory.
Manuscripts were included if they specifically discussed the
chosen variables and CT muscle measures. Studies were ex-
cluded if they were non-human studies, cell studies, reviews
or editorials, case studies, non-English papers, and cadaver
studies or occurred prior to 1970. Example search terms for
PubMed are shown in Figure 1, and the search terms were
translated to Scopus and Web of Science with site-specific
syntax.

Study selection

Two independent reviewers (J. L. and G. G.) screened articles
with the assistance of Covidence (https://www.covidence.com),
detailed in Figure 2. The first round of screening omitted articles
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Figure 2 PRISMA flow chart of article identification, screening, and eligibility process.

based on titles and abstracts, and in the second round of
screening, articles were reviewed in entirety. In both stages,
the two reviewers met at the beginning, midpoint, and final
stages during the process to discuss challenges. If there were
disagreements at any stage, A. J. K. or T. P. S. determined the
final inclusion of articles. Both reviewing authors (J. L. and
G. G.) had a consensus on the final article inclusion.

Charting the data

J. L. developed an extraction form based on the most relevant
study details and best practice guidelines.?? J. L. completed
data extraction for the included studies on contrast, and
G. G. completed data extraction for the included studies on
kilovoltage.

Collating, summarizing, and reporting the results

We conducted systematic reviews on contrast and kilovoltage
variable terms. The results of these are presented in
Tables 1-3. We discuss articles narratively in the results, with
selected studies chosen because they are representative of
the collective data, highlight interesting results, or present
conflicting data.

We attempted systematic searches of other confounding
variables including CT make/model, patient positioning, and
slice thickness. However, we determined that it was not fea-
sible at this time to conduct a systematic search on these CT
variables because of the lack of existing research and the high

amount of noise in these searches required to retrieve a low
number of target articles. Instead, brief narrative reviews
were written on these variables based on searches conducted
with the same three-bucket methods as the systematic
searches.

Results

Our first search yielded 971 articles on contrast and CT mus-
cle measures after removing duplicates. After two screening
stages, 11 articles were chosen for final inclusion: 9 regarding
HU and area, 1 regarding HU only, and 1 regarding area
only (Figure 2). The second search on kilovoltage and muscle
measures yielded 271 articles after removing duplicates. Af-
ter screening, seven articles were chosen for final inclusion:
six regarding HU and one regarding area (Figure 2).

Of those eliminated from full-text screening, the majority
either did not report muscle measures in usable outcomes
such as HU or area (wrong outcomes) or did not design the
study so that the effect of contrast or kilovoltage could be
related to muscle measures (wrong study design).

Effect of contrast on computed tomography muscle
density

Our search yielded 10 studies evaluating the effect of con-
trast on muscle HU. Of the 10, 8 studies evaluated muscle
HU from an axial image at the third lumbar vertebra (L3)
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Effect of contrast on computed tomography muscle
quantity

Our review found 10 studies that evaluated the effect of
contrast material on CT muscle area, and 7 of those found
significantly different area measurements from baseline to
one or more contrast phases (Table 2). However, the magni-
tude of this effect is relatively small and likely represents a
clinically irrelevant amount. All seven studies found a signifi-
cant effect of contrast, but the greatest change in area in all
of these was 2.58% (range 0-2.58%).

For example, van Vugt et al. evaluated L3 axial skeletal
muscle (indexed to height, muscle range from —30 to
150 HU) in 50 cancer or liver transplant patients injected with
120-150 mL Visipaque based on body weight.?” The arterial
phase was bolus tracked, and the venous phase was set at
70 s after injection. They found baseline skeletal muscle index
to be 42.5 cm?/m?. Arterial contrast enhancement increased
area by 0.3 cm?/m? (0.7%), and venous contrast enhance-
ment increased area by 1.1 cm?/m? (2.58%). This was
corroborated by other studies mentioned in this review
(Table 2).24,28—30,33

Interestingly, another study looked at L3 axial skeletal
muscle while using several different muscle HU ranges to ex-
amine if contrast material affected them differently, because
no consensus range exists. Derstine et al. conducted this re-
search in 604 healthy kidney donors with the contrast bolus
tracked to the arterial phase.>* They found that when using
a muscle HU range of 0-100 to assess skeletal muscle area,
a significant difference between non-contrast and contrast
measurements existed because of a portion of muscle area
being enhanced above the 100 HU limit. However, when
using a muscle HU range of —29 to 150, there was no signif-
icant difference in skeletal muscle area between non-contrast
and contrast scans. This is evidence that the effect of
confounding variables on CT muscle area can be mitigated
when using a muscle range of —29 to 150 HU.

Effect of kilovoltage on computed tomography
muscle density

Several studies have assessed the effects of kilovoltage on
muscle attenuation. Our review obtained six studies evaluat-
ing this, all of which found significant increases in attenuation
with reduced kilovoltage dose (Table 3) across various
anatomical locations.

In 2018, Morsbach et al. found reduced kilovoltage dose
to increase L3 axial muscle attenuation by 7 HU (17%).*
The study was conducted on 17 hospital patients with a sin-
gle scanner, with the low dose set at 80 kV and the high
dose at 120 kV. Georgiev et al. corroborated these finding
in 200 patients, averaging muscle regions of interest in
the psoas, iliac, and quadriceps muscles.>® They found that

the average muscle density in the 120 kV group was
58.1 HU and the 80 kV group was 70.2 HU (17% increase).
Bunch et al. found similar results in the sternocleidomastoid
muscle at 70 and 40 kV.3” They examined 20 patients with
parathyroid lesions and found that the 70 kV group had
an average muscle density of 57 HU and the 40 kV group
increased to 67 HU (15%). Similar studies can be found in
Table 3.38°%°

Out of necessity to narrow search terms due to a large
amount of article retrieval noise, a few relevant studies
were incidentally omitted from our systematic search. Gill
et al. evaluated paraspinal muscles in CT pulmonary angiog-
raphy scans with contrast on 66 patients with suspected
pulmonary embolism.** Voltage was varied, and 33 patients
received 100 kV while the other 33 patients received
120 kV. They found that HU was elevated in the 100 kV pro-
tocol from 35.7 to 49.6 (38.9%). Likewise, May et al. evalu-
ated patients with a head and neck CT.*> An automated
analysis of a localizer suggested 100 kV scans for 62 patients
and 120 kV scans for 37 patients. In the 100 kV scan,
sternocleidomastoid muscle attenuation was higher by
7 HU (10.6%).

Effect of kilovoltage on computed tomography
muscle quantity

Our review only found one study that examined the effect of
kilovoltage on muscle quantity. Morsbach et al. utilized DECT
on 17 patients who simultaneously received imaging from 80
and 140 kV single-slice scans at the L3 level.>® This study
found lower kilovoltage to reduce skeletal muscle index from
42.2 to 40.1 cm?*/m? (2.9%). Furthermore, they found that
myosteatotic muscle area, or muscle at the lower end of
the muscle HU range (from —29 to 30 HU), was significantly
reduced from 35 to 31 cm? (12.9%).

Other potential confounders

Computed tomography make and model

Although the research on skeletal muscle analysis on differ-
ent CT scanners is limited, some studies have found consid-
erable variation in HU numbers when using different CT
scanning devices. Lamba et al. overviewed 47 patients in
their radiology database that had undergone CT scans of
the psoas muscles on both a Volume CT (GE Healthcare,
Milwaukee, WI, USA) and a Definition AS Plus (Siemens
Healthcare, Forchheim, Germany) within 12 months of each
other.®® They found the right psoas on average to be
3.3 HU higher (7.4%) and the left psoas 5.4 HU higher
(12.3%) in the Volume CT than the Definition AS Plus. The
intraclass correlation coefficient for the right psoas muscle
was 0.454 and the left psoas muscle 0.485. Birnbaum
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et al. tested five different CT scanners, while minimizing var-
iation in CT protocols, with a rectus abdominis muscle
tissue-equivalent phantom, simulating the abdominal axial
anatomy.?®> They found the mean attenuation of the rectus
abdominis muscle to range between all five scanners mea-
sured from 63.9 to 91.0 HU. Similar intrascanner variability
has also been found in CT studies that use a phantom to
simulate human tissue.***°

Patient positioning

To our knowledge, no studies have evaluated the effect of ver-
tical patient positioning/table height on muscle specifically.
However, altering patient positioning will dis-align a CT scan-
ner’s bowtie filter to the patient. A bowtie filter is beam filtra-
tion device that assumes the patient is centred within the
scanner. One study on an anthropomorphic thorax phantom
found that table heights 4 or 6 cm above centre significantly
lowered HU, in some cases by more than 20 HU.*® This study
also assessed correct positioning of hospital patients and
found that out of 20 316 patients, 1.9% were positioned
>4 cm off-centre, and 0.3% were positioned >6 cm off-centre.

Slice thickness

Two-dimensional CT images have a depth representing the
thickness of the cross section, and changing this thickness
may affect muscle measures. Morsbach et al. evaluated 20
patients with suspected hepatocellular carcinoma.?® These
patients had upper abdomen perfusion CTs that were
analysed at the L3 level. Slices of 2, 3, 4, 5, and 10 mm were
created and analysed from the unenhanced phase for each
patient. While there were no significant differences in muscle
attenuation (P = 0.07), myosteatotic muscle area (HU range
from —29 to 30) increased by <3.3% when increasing slice
thickness from 2 to 10 mm (P = 0.02). In another study, Fuchs
et al. collected 34 positron emission tomography—CT exami-
nations without IV contrast from a departmental database,
and a total of 102 images were ultimately analysed.>° L3 level
non-contrast scans were compared with a slice thickness of 2
and 5 mm within the same patient. Skeletal muscle
cross-sectional area was found to have increased by 1.11%
in 5 mm slices compared with 2 mm, while skeletal muscle
density decreased by 11.64% (P < 0.0001). The inconsistent
results of slice thickness acting on attenuation call for more
research to be conducted in this emerging field.

Discussion

Our scoping review on the effects of contrast and kilovoltage
on CT muscle measures discovered several peer-reviewed ar-
ticles with clear trends observed within these studies. All 10
studies examining the effect of contrast on muscle attenua-
tion demonstrated an increase in muscle HU with contrast
administration, with all but one of these showing a significant

change. The six studies on kilovoltage and muscle attenuation
all showed significant increases in muscle HU with lower
kilovoltage. Studies on muscle area and either contrast or
kilovoltage variations showed conflicting results. However,
the degree of change from either contrast or kilovoltage is
relatively minor and likely represents a clinically insignificant
amount.

Differences in CT protocols make comparison of contrast
phases problematic. In our retrieved articles, the arterial
phase was commonly bolus tracked, but did not always have
tracking details, or the location and threshold of the bolus
tracking varied between studies. The venous phase ranged
from 28 to 54 s after the arterial phase or from 65 to 70 s af-
ter injection (Table 1). The delayed phase had little consensus
between studies, ranging from 90 to 120 s after arterial or
3 min after injection. Several studies were lacking many key
details about contrast timing. Despite these challenges, we
see a consensus that contrast generally increases CT
muscle HU.

To further speculate, there appears to be an increase in
contrast enhancement from early phases to later phases, yet
when the enhancement plateaus is unknown. Only a few stud-
ies conducted statistical tests between phases, with mixed
results.?>?*2672 The plateau of contrast enhancement is
shown in excellent temporal detail by Morsbach et al. who
tracked contrast enhancement in L3 muscle at 2 s intervals
from early arterial to early venous phases and shows an in-
crease and plateau as attenuation in the aorta decreases from
500 to 150 HU.?° Yet identifying the correct scan timing may
pose issues as well, as even for sites following weight-based
contrast with bolus tracking, large deviations around 50 HU
can occur in the liver simply due to underlying patient dis-
eases and limitations with administering enough contrast vol-
ume for large patients.*” More work needs to be performed
to achieve a consensus of contrast timing and how contrast
timing affects the magnitude of deviation in muscle.

Similar to contrast, the articles we retrieved on
kilovoltage tested different comparisons of kilovoltage
levels, making it difficult to establish a consensus on the
effect of each level on HU. The upper limit ranged from 70
to 140 kV, with three at 120 kV. The lower limit ranged from
40 to 100 kV. The difference between the upper and lower
limits ranged from 20 to 60 kV. All decreases in kilovoltage
led to an increase in muscle HU. Surprisingly, the smallest
decreases from 120 to 100 kV showed a large discrepancy
in two different studies—a 13.7% increase and a 40%
increase in muscle HU.3%4°

Unlike density, changes in area due to contrast or
kilovoltage variations are likely not clinically significant. The
greatest change in area from contrast was 2.58% and from
kilovoltage was 2.9%. Notably, alterations in muscle density
and area measures are not independent. As factors modu-
late attenuation, changes in muscle quantity are commonly
observed because of the ranges used to designate muscle
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specific HU (—29 to 150 HU).! Therefore, increasing the at-
tenuation with added contrast or reduced kilovoltage raises
the HU for additional tissue to be included in muscle that
was previously below the threshold or for existing tissue to
now be above the threshold when it was previously
included.

The interaction of contrast and kilovoltage may lead to un-
predictable variations in muscle measures. Contrast material
and tube voltage increases have opposing effects on HU, mak-
ing it difficult to account for a combination of the two. This
may be relevant as protocols attempt to reduce radiation
dose with the use of contrast or reduce contrast dose by mod-
ulating kilovoltage.*® In a 2018 study, van der Werf et al.
analysed muscle area and attenuation measurements in 41
paired contrast and non-contrast scans.>? Scans were con-
ducted at 100 or 120 kV prior to contrast injection and
120 kV after injection. When scan kilovoltage was 100 kV
before and 120 kV after, they found no difference in mean
muscle attenuation of contrast and non-contrast scans,
presumably due to the opposite effects on HU, that is, the in-
crease in tube voltage counteracts the increase in attenuation
of the contrast. Conversely, when scan kilovoltage matched,
non-contrast and contrast scans had a mean difference of
6.7 (£3.2) HU. Skeletal muscle area was also affected by
kilovoltage, but in an opposite direction. Contrast scans with
different tube voltage had increased area than non-contrast
scans by 7.0 (£7.5) HU, and scans with the same tube voltage
were higher than non-contrast scans by only 2.3 (£1.7) HU.

Variations in area and density due to CT protocols are im-
portant to consider when diagnosing muscle wasting condi-

nge

Implications on muscle density/quantity
enhancement decreases with patient weight

lodine enhancement of density
have more iodine enhancement variability

Systematic biases exist between scanner
makes and models

Large effect on density; increasing effect
for higher atomic number materials
Density and quantity accuracy may be
affected for small volumes or structures
Not related to density or quantity but
determines quality of data (noise)
Density increases linearly with iodine
patient-specific haemodynamics and will
Injection delivery parameters will influe
iodine enhancement in non-trivial ways

concentration
measurements is phase dependent

If not weight adjusted, iodine
Fixed delays do not account for

etc. If fixed delay, state time in seconds after injection (e.g. 60-80 s after injection)

CT, computed tomography; CTDIvol, computed tomography dose index volume; HU, Hounsfield units; IV, intravenous; ROI, region of interest.
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changes in CT technology. Within contrast alone, there are
many potentially confounding variables, for example, con-
trast dose and patient weight contribute to a different con-
centration of contrast in the body. Additionally, the timing
method of the scan, contrast injection flow rate, contrast
injection access location, and cardiac output/vascular status
can cause contrast discrepancies between patients.'® New
software such as image reconstruction algorithms, or new
CT scanners or hardware may introduce future sources of
variation. Similarly, inter-rater and intra-rater variability
may be present when analysing muscle, although minimal.
Inter-rater and intra-rater correlation coefficients from CT
muscle measurements range from 0.97 to 0.99 and from
0.95 to 0.99, respectively (P < 0.0001),>° and a Bland-
Altman analysis between the two most popular CT muscle
measurement programs (Slice-O-Matic and OsiriX) shows
excellent agreement (>0.954, P < 0.001).>* It may be im-
possible to account for all sources of variation in CT muscle
analysis, but our goal in this review was (and the goal of
future research should be) to identify the most egregious
sources and account for them.

Our study was limited by a high amount of noise in our
search results. This restricted us from utilizing general muscle
terms in our systematic search, as the specific terms we used
were not always present in the study if muscle was not a
main focus, and other terms are used such as ‘soft tissue’,
or the specific muscle group is named, that is, Erector spinae.
Additionally, our narrative reviews on CT make/model, pa-
tient position, and slice thickness may be able to be con-
ducted systematically in the future when more research has
been performed in these areas.

Conclusions

Computed tomography skeletal muscle analysis is a promis-
ing technique for the fields of sarcopenia, cachexia, frailty,
nutrition, and beyond. CT provides a wealth of information
that may save resources, improve health outcomes, and
save lives. However, to use CT data effectively,
evidenced-based clinical cut points and ranges must be de-
veloped to delineate healthy tissue accurately and precisely.
Furthermore, the development and usage of these cut
points or ranges is inappropriate when variables that may
obscure them are not fully appreciated. Overall, we found
enough of a consensus on the effects of contrast and
kilovoltage on CT skeletal muscle analysis to demonstrate
a clear challenge for the burgeoning field of CT skeletal
muscle research.

We hope that establishing confounding variables for CT
skeletal muscle analysis will lead to their consideration in fu-
ture research. As Amini et al. established, few studies report

methods on all pertinent CT variables.* It is important that all
CT skeletal muscle studies carefully detail their methods in-
cluding the use of contrast and specific contrast parameters,
kilovoltage, scanner make and model, slice thickness, errors
in patient positioning, and any other pertinent scan protocol
details that may arise in the future. Additionally, the effect of
contrast variation at different phases and different
kilovoltage levels on muscle measures should be studied fur-
ther to attempt to develop a correction factor that allows the
comparison of data with discrepancies.

Therefore, we suggest that researchers should consider
the following fundamental recommendations in future
studies:

e Recognize that contrast and kilovoltage can have a signifi-
cant impact on CT muscle measures and pertinent CT pa-
rameters should always be reported in study methods
(Table 4).

e Avoid using data with contrast and kilovoltage variations
interchangeably without accounting for them.

These recommendations aim to harmonize results across
studies to align data for the development of accurate muscle
reference values. This is the first step towards having congru-
ence in measures and the ability to incorporate those data
into an accurate model of muscle health.
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