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Pan-cancer classification of single cells in the
tumour microenvironment

Ido Nofech-Mozes 1,2, David Soave1,3, Philip Awadalla 1,2,4,5 &
Sagi Abelson 1,2,5

Single-cell RNA sequencing can reveal valuable insights into cellular hetero-
geneity within tumour microenvironments (TMEs), paving the way for a deep
understanding of cellular mechanisms contributing to cancer. However, high
heterogeneity among the same cancer types and low transcriptomic variation
in immune cell subsets present challenges for accurate, high-resolution con-
firmation of cells’ identities. Herewepresent scATOMIC; amodular annotation
tool for malignant and non-malignant cells. We trained scATOMIC on
>300,000 cancer, immune, and stromal cells defining a pan-cancer reference
across 19 common cancers and employ a hierarchical approach, out-
performing current classification methods. We extensively confirm scA-
TOMIC’s accuracy on 225 tumour biopsies encompassing >350,000 cancer
and a variety of TME cells. Lastly, we demonstrate scATOMIC’s practical sig-
nificance to accurately subset breast cancers into clinically relevant subtypes
and predict tumours’ primary origin across metastatic cancers. Our approach
represents a broadly applicable strategy to analyse multicellular cancer TMEs.

Tumour microenvironments (TMEs) are highly complex. Various
immune and stromal cells within the TME interact with cancer cells to
regulate processes such as angiogenesis, tumour proliferation, inva-
sion, and metastasis, as well as mediate mechanisms of therapeutic
resistance1–4. Single-cell RNA sequencing (scRNA-seq) techniques are
explicitly suitable to disentangle complex systems as they provide
transcriptome information for every cell within a sample, enabling the
study of subtle transcriptomic changes reflecting different cell types
and their functional states5.

Cell-type annotation is arguably the most critical step to derive
biological insight from scRNA-seq experiments and can be per-
formedmanually or using automatic classifiers6,7. Manual annotation
is often unfavourable as it is subjective to user definition of non-
parametric clustering of cells, conducted under the assumption that
all the cells within a defined cluster are identical, and depends on pre-
existing knowledge of canonical genes. Although expression of
canonical markers has been used to characterise some cell types,
definitive markers are not always available8. Moreover, due to their

relatively low number and the possibility of incomplete detection
due to technical variation, the sole use of canonical gene expression
is not ideal.

Given these limitations, there has been a shift towards automatic
methods for cell classification, with over 100 classifiers described in a
recent census of available scRNA tools9. To date, most automated
annotators are focused on classification of blood or subsets of cells
from other specialised tissues, thus having limited capabilities in
deciphering complex TMEs across diverse human cancers. Indeed,
using single-cell transcriptomics to predict cancer types and differ-
entiate between cancer and related normal tissue cells while also
classifying the large number of immune cells and stroma, is not a
straightforward task10. In the context of TMEs, cell type predictions are
challenged by high inter-patient tumour cell heterogeneity among
cancers of the same tissue11–13 and low transcriptomic variation among
related, yet different specialised immune cells14. Since cancer samples
tend to cluster by patient11–13 and transcriptional variation is often
driven by genomic instability, existing cell type classification methods
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which rely on distance correlations to a reference15–17 are expected
to fail.

The current standard for the identification of malignant cells in
scRNA-seq data relies on copy number variation (CNV) inference
methods18,19. Nevertheless, these methods are incapable of providing
definitive information concerning the cancer’s tissue of origin. Fur-
thermore, CNV inference necessitates the presence of genetically
unstable cells, and its accuracy may suffer when lacking a sizeable,
distinctive normal cell reference within the sequenced specimen.
Solely relying on the presence of inferred CNVs to annotate malignant
cells may lead to false negatives or undefined cells in cancers with
minimal genomic structural variation or nearly diploid genomes. Thus,
a limitation in scRNA-seq analysis of tumour ecosystems is that there is
no universal method for effective, detailed classification of hetero-
genous non-malignant TME cell types and subtypes, and cancer cells.

Clearly, a fully automated, pan cancer classification scheme that
can easily be updated to capture additional subsets of normal cells and
clinically relevant molecular subtypes of cancer, holds promise
towards a better understanding of cancer ontogenies and the mole-
cular interaction of diverse tumour tissues with their
microenvironments.

In this work, we present single cell annotation of tumour micro-
environments in pan-cancer settings (scATOMIC), a comprehensive,
pan cancer, TME cell type classifier. We devise a structured scheme
that uses hierarchically organized models and elimination processes,
reducing the transcriptomic complexity of the TME multi-cellular
system to improve cell classification.

Results
An overview of scATOMIC
We postulated that the sheer number of publicly available single-cell
transcriptomic datasets will enable the development of a highly
accurate and thorough classifier for cancer, blood, and stromal cells.
To define a pan cancer reference, we interrogated cancer patient data,
augmented by two additional comprehensive data sources containing
transcriptomic-independent confirmation of cell identities. These
include scRNA-seq of cancer cell lines representing 19 common cancer
types20 and a CITE-seq dataset (proteomics and transcriptomics) of
diverse peripheral blood cells16. scRNA-seq of stromal cells was gath-
ered from several tumour and normal tissue sources21–28 (Supplemen-
tary Data 1, 2). Overall, 301,662 cells were included in the training
reference dataset of scATOMIC.

Obtaining an accurate set of differentiating features is critical to
successful classification. Nonetheless, significant differentially
expressed genes (DEG) concerning non-malignant cell types are often
expressed in other related cells that are functionally distinct14,29,30

(Supplementary Fig. 1). On the other hand, inter-patient heterogeneity
among malignant cells has been repeatedly observed with different
patients forming unique clusters11–13 (Supplementary Fig. 2). To
improve cell identity predictions, we developed a method, termed
reversed hierarchical classification and repetitive elimination of par-
ental nodes (RHC-REP) which reduces the breadth of cell types in an
ensemble of classification tasks. As compared with top-down local
hierarchical methods, here, predictions of terminal classes are
repeatedly being evaluated to infer the cells’ broader parental nodes.
During this process terminal cell classes are investigated iteratively
using multiple sets of refined differentiating features until confident
terminal annotations are achieved.

To develop this approach, we structured a pan cancer TME cel-
lular hierarchy where each parent node represents a group of related
cells, and each terminal node represents a single-cell class of interest.
Overall, we trained 24 random forest models corresponding to the
total number of parent nodes (Fig. 1a). For every model, we selected
DEGs that distinguish each cell type from all other terminal classes
nested within the same parent. RHC-REP will then prioritise the

features with the highest specificity to the interrogated cell
types (Fig. 1b).

During each classification task, every cell receives a vector of
prediction scores (PS) corresponding to the percentage of trees voting
for each terminal class in the parent node (Fig. 1c). This cell by PS
matrix is then used to calculate intermediate group scores (IGS), to
subsequently link cells to their next parental node in the hierarchy
(Fig. 1d, Supplementary Fig. 3). At each classification task, the dis-
tribution of IGSs obtained from all the cells interrogated in the model
is used to automatically define prediction cut-offs (Supplementary
Fig. 4). Each cell is then interrogated by its next associated model,
defined by a more discriminative set of features and fewer potential
terminal classes (Fig. 1e). Cells that do not pass the IGS thresholds are
given their previous parent classification and withheld from further
subclassification (Supplementary Note 1).

Given that non-malignant cells that share the cancer’s tissue of
origin can be found in cancer biospecimens (for example, normal
alveolar cells in a lung biopsy) we embedded a cancer signature
scoring and cell differentiating module in scATOMIC. Using an estab-
lished transcriptional program scoring method11,16, cancer-type-
specific up and down-regulated programs31 are evaluated in cells
receiving anoriginal annotation of a cancer type by scATOMIC (Fig. 1f).

Performance evaluation and validation across internal and
external datasets
To evaluate scATOMIC’s performance, we first conducted fivefold
cross validation using the training reference dataset (Supplementary
Data 1) while keeping equal proportions of cell types in each of the five
folds. scATOMIC achievedmedian F1 scores ranging from0.90 to 0.99
across all the tested cell types (Fig. 2a), implying great accuracy in
classifying the breadth of cells in the settings of pan cancer TMEs. To
ensure scATOMIC was not heavily impacted by batch effects, we also
trained 4 scATOMIC iterations, where all cells from intact technical
batches were held out from training. We found no significant differ-
ence in the performance of the models on the held out batches
(Supplementary Fig. 5a, Kruskal–Wallis rank sum test: H statistic(de-
grees of freedom= 3) = 6.12, P value = 0.106). We further tested scA-
TOMIC performance across different scRNA platforms using external
melanoma datasets29,32–34 and again, found no significant difference in
F1 scores (Supplementary Fig. 5b, Kruskal–Wallis rank sum test: H
statistic(degrees of freedom= 3) = 2.18, P value = 0.537).

We next aimed to conduct a comprehensive external, training-
independent validation of scATOMIC performance. To build a valida-
tion dataset with high-confidence cell annotations, we mined publicly
available scRNA-seq data from primary tumour biopsies and blood
samples. Overall, the curated set used for validation contained
228,460 cancer, 82,976 stroma and 46,090 blood cells from 225 pri-
mary biopsies spanning 13 cancer types (Supplementary Data 3).
Importantly, these ground truth sets include cancer cells supported by
abnormal CNV profiles, and immune cells with transcriptomic-
independent identity supported by cell surface protein markers via
CITE-seq. Similar to the results obtained from internal validation, in
this independent validation process, scATOMIC achieved a median
F1 score of 0.99 (Fig. 2b).

Overall, these results demonstrate the broad abilities of scA-
TOMICʼs core algorithm to detect cancer cells and their type, aswell as
predicting non-malignant cell types and subtype.

Comparison with other cell-type classification methods
We compared scATOMIC’s performance to six commonly used scRNA-
seq classifiers (SingleR15, Seurat16,35, SingleCellNet36, scmap-cell17,
CHETAH37, and scType38). These annotators encompass a variety of
methods including reference correlation, label transfer using integra-
tion to a reference, random forest algorithm, flat and hierarchical
models, and marker-based classification methods making their
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comparison with scATOMIC’s underlying RHC-REP approach highly
suitable. Each tool was provided with the same reference and external
validation dataset as scATOMIC for training and testing (Supplemen-
tary Data 1–3). All classifiers were highly accurate in classifying non-
malignant cells (median F1 > 0.85, Fig. 2c). However, for cancer cells in
particular, F1-scores were significantly lower as compared with scA-
TOMIC (two-sidedWilcoxon rank sum tests, allP values < 2 × 10−16). The

next best performing classifier following scATOMIC was SingleR15 with
median F1 scores of 0.92, 0.97 and 0.76, for blood, stromal, and cancer
cells, respectively (Fig. 2c). Using scATOMIC, we obtained median
F1 scores of 0.95 0.99, and 0.99 in each of these respective categories.
As existing cell type classification tools were not designed to annotate
malignant cells, this comparison highlights scATOMIC’s ability to
overcome the complexity presented in pan cancer settings to
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accurately identify cancer cells while also having comparable or sig-
nificantly better performance in annotating stroma and blood. Lastly,
with the exception of CHETAH37,mostly comparable time andmemory
usages were measured for all the methods (Supplementary Fig. 6).

Distinguishing between non-malignant, tissue-specific cells and
cancer
Aneuploid CNV profiles are highly associated with the development
and progression of numerous cancers by impacting gene expression
levels39. We assessed scATOMIC’s ability to distinguish malignant cells
from other normal cells of the TME, sharing the same cell-of-origin, by
comparing scATOMIC’s final cancer predictions (Fig. 1f) to their
inferred CNV-based ploidy status19. We observed strong agreement in
cells predicted as malignant and aneuploid-inferred CNV profiles
across biopsies, as well as between non-malignant detected cells and
diploid inferred profiles, with a median agreement rate of 85.9%
(Fig. 3). In addition, in silico serial dilution analysis of cancer cells inour
external dataset collection revealed that decreasing number of
malignant cells can be appropriately annotated, with scATOMIC also
providing cancer type notations (Supplementary Fig. 7). Discordant
cases, defined as cases with an agreement rate below the 1st quartile
(Q1 ≤ 63.2%), were typically attributed to tumours with low CNV levels,
intra-tumoural malignant subclones, low number of cancer cells har-
bouring the CNV, or low number of reference cells (Supplementary
Fig. 8). In only 7% of discordant cases more cells were inferred as
aneuploid than cells annotated as malignant by scATOMIC (Fig. 3b).
These results suggest that cancer and related normal tissue cells are
efficiently classified by their transcriptomic profiles using scRNA-seq
data, independent of their ploidy status.

scATOMIC annotations increase cellular resolution in tumour
biopsies
To further demonstrate the benefits of scATOMIC in annotatingmulti-
cellular TMEs, we analysed several datasets, including scRNA-seq of
lung cancer29. Original annotations for this datasetweredeterminedby
the authors using SingleR15 with its default references in combination
with cell type signatures and the useof canonicalmarker genes. Similar
to our observations (Supplementary Fig. 1) Slyper et al.29, noted over-
lapping expression programs between T cells and NK cells which
makes high resolution single-cell discrimination among these cell
types challenging. scATOMIC resolved NK cells and T cells, and further
subclassified the latter into fine grained subtypes including T reg-
ulatory cells, naive CD4 + T cells, CD4 +T follicular helper cells, effec-
tor/memory CD4+, effector/memory CD8+ T cells, and exhausted
CD8 + T cells (Fig. 4a). In addition, in this lung dataset, scATOMIC
identified other distinct cell types including plasma cells, and plas-
macytoid dendritic cells (pDCs) which scATOMIC separated from B
cells. Unsupervised clustering and expression of cell specificmarkers34

supported the existence of these separated cell identities (Supple-
mentary Fig. 9). Of note, this biopsy included two more small clusters

of “epithelial cells” (Supplementary Fig. 9a), suggesting tissue-specific
cell classes that are not represented in the current scATOMIC training
reference. Using scATOMIC’s automatic approach to set confidence
IGS cut-offs (Supplementary Fig. 4) these cells were abstained from
being falsely annotated and correctly assigned with the lower-level
annotation of non-blood cells. scATOMIC resolved the remaining
epithelial cells into lung cancer and normal tissue cells by evaluating
lung cancer associated transcriptional signatures (Fig. 1f).

Increased cellular resolution across the cell types of the TME was
also observed in other recent datasets of different cancer types
including bladder4, breast40, liver41, ovarian40, prostate42, and skin
cancer33 (Fig. 4b–g). In addition, scATOMIC identified hematopoietic
stem/progenitor cells (HSPCs) in glioblastoma43 (Supplementary
Fig. 10); a population which was shown to promote tumour cell
proliferation43.

Collectively, this analysis demonstrates the ability of scATOMIC’s
core hierarchical algorithm to resolve cell identities at high resolution,
label fine grained T cell states, identify rare cell types, abstain from
falsely classifying unknown cells, and determine cancer types.

Extending the core scATOMIC hierarchy for novel applications
By leveraging RHC-REP, one can easily deploy new scRNA-seq data to
train extensions at any terminal branch of the hierarchy. We thought
that extending the breast cancer classification node would provide a
practical example of utilising modularity (Fig. 5a). Two sizable scRNA-
seq breast cancer atlases were used to train, and independently test
(Supplementary Data 4, 5) a classification model that resolves breast
cancer cells into the major ER + , HER2 + and triple negative breast
cancer (TN) histological subtypes. We applied scATOMIC to the
training-independent validation dataset containing 38 tumours span-
ning ER + , HER2+ , and TN breast cancer, and 2 HER2 + /ER + double
positive tumours, a class not represented in the current reference of
scATOMIC’s breast mode due to a lack of data. scATOMIC correctly
subtyped 37 of the 38 (97.4%) training-independent breast cancer
biopsies, as determined by immune-staining21,44 (Fig. 5b, Supplemen-
tary Data 5). In the two HER2 + /ER + double positive samples, scA-
TOMIC assigned mixed annotations of HER2 + and ER + cells (Fig. 5b).

We observed different degrees of tumour cellularity, with 6
biopsies (15%) having more predicted normal breast cells than cancer
cells. In another tumour reported as ERlow (that is, <10% ER + cancer
cells by immunostaining), scATOMIC identified 8% ER + breast cancer
cells (Fig. 5c, Supplementary Data 5). Of note, scATOMIC identified
these ER + cells asmalignant, in linewith the histology report, however
CNV inference predicted a diploid profile (Fig. 5d). This example
highlights a distinct subpopulationof cancer cells that couldhavebeen
misinterpreted as normal tissue by strictly relying on CNV inference,
thus suggesting integrative approach for best results.

Overall, these data demonstrate scATOMIC’s practical and mod-
ular framework to further subset primary tumour classes into their
clinically relevant subtypes.

Fig. 1 | Overview of scATOMIC training and classification. a Hierarchical struc-
ture of the pan-cancer tumour microenvironment. The cellular hierarchies in the
pan-cancer tumour microenvironment are organized into a flow chart with
increasing cell type resolution. Parent nodes represent broad classification bran-
ches, and terminal nodes represent specialised cell classes of interest. b Training of
classification branches for each parent node (n = 24). The reference datasets are
filtered based on transcriptomic-independent information to only include terminal
cell types that are found within a particular parental node. Genes that significantly
differentiate one cell type from all the others are gathered. Differentially expressed
genes (DEGs) with greater specificity to each terminal class, determined by differ-
ential expression score (DES), are kept (Methods). A random forest classifier is
trained on filtered, library size normalised count matrices to derive a model that
provides prediction scores corresponding to the proportion of trees voting for
each terminal class within the parental node. Colours on the top of the heatmap

illustrate different cell types. c–fClassification of query datasets. cGene expression
count matrices from query tumour biopsies are inputted into the first scATOMIC
classification branch model, outputting a cell-by-prediction scores matrix.
dPrediction scores (PS) fromall blood andnon-blood cell subtypes are respectively
summed to derive intermediate group score (IGS) distributions associating single
cells with their appropriate parental class. e Cells are iteratively interrogated at
their next parent nodes’ corresponding models until terminal classification are
obtained. Broad classifications occur if the IGS for a cell is lower than the con-
fidence cut-off. In this example, cell 10 is subclassified until a terminal B cell des-
ignation is derived. f Differentiating between cancer and tissue-specific non-
malignant cells through scoring of bulk RNA-seq derived differentiating gene
expression programs (Methods). scATOMIC automatically annotates population 2
as cancer cells, and population 1 as non-malignant. Heatmaps and cell illustrations
were created with BioRender.com.
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scATOMIC identifies the tumour of origin across metastatic
cancers
Given that existing single-cell annotation tools are not designed to
provide information regarding the originating tissue of a cancer cell,
we applied scATOMIC to predict the tumour origin in settings where it
may be unknown. We curated a dataset of 62 metastatic biopsies from
breast, kidney, lung, ovarian, and skin cancers fromdiverse anatomical

sites (Supplementary Data 6). In 52 of the 62 samples (83.9%), the
primary tissue of origin was correctly predicted by scATOMIC (Fig. 6),
demonstrating its robustness at distant sites, in cells that may have
undergone transcriptional changes associated with metastasis. In 1
kidney and 2 lung samples (additional 4.9%) scATOMIC abstained from
giving a terminal classification yet focused the prediction on the cor-
rect intermediate class. In 2 lower throughput melanoma scRNA-seq,
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only 5 and 6 cancer cells were reported11 yet scATOMIC found none.
We considered these as false predictions. In 4 of the 5 remaining
samples that received incorrect terminal classifications, the predicted
cancer type and the reported primary were related cancers falling
under the same immediate parent node. For example, a mixed serous/
clear-cell ovarian carcinoma was predicted to be endometrial cancer,
with relatively low classification scores (Supplementary Fig. 11). Over-
all, these results show that accurate detection of metastatic cancers’
tissue of origin using single-cell transcriptomics is feasible and that
scATOMIC can aid in identifying cancers’ primary sites across a variety
of solid human tumours.

Discussion
The rate of scRNA-seq publications reporting major scientific insights
concerning the function of various immune and stromal cells in cancer
has increased steadily over the years40,45,46. However, the lack of
automated methods that can also standardise the identification of
singlemalignant cells is becoming amajor obstacle to accurately study
tumour-microenvironment interactions across various cancer types.

We developed scATOMIC to effectively annotate the TME in pan-
cancer settings. scATOMIC overcomes several classification chal-
lenges, including high inter-patient heterogeneity and highly over-
lapping expression profiling among specificized immune cells. By
using stably expressed transcripts as features, structured classifica-
tion, and models trained using reliable and large datasets, scATOMIC
has proven to accurately identify cancer cells and their origin. More-
over, scATOMIC is comparable to or outperforms other existing
automatic cell type annotators when classifying blood and stromal
cells using our training reference. In samples with genome instability
and an appropriate reference of normal cells, we found high agree-
ment between scATOMIC and CNV inference to pinpoint malignant
cells in scRNA-seq data. However, in samples with cancer sub-clones
defined by variable CNV burdens, cancer cells with near diploid
genomic profiles, or few normal cells to serve as controls, CNV infer-
ence may fall short. Since information concerning CNV may be useful
for cancer prognostication, and a degree of discordancy still exists,
using scATOMIC in conjunctionwith CNV inference to annotate cancer
cells and their type is recommended.

We designed the core, ploidy-neutral scATOMIC algorithm to
accurately identify cancer and normal tissue cells across 19 common
cancer types, including key rare populations such as plasmacytoid
dendritic cell and hematopoietic stem and progenitor cells that were
reported in cancer tissues and are associatedwith immunosuppressive
phenotypes29,43. To ensure that scATOMIC remains powerful, we
designed it in a way that new data can be easily interrogated to extend
the core hierarchy by adding new terminal cell classes. We demon-
strated this modularity by further classifying breast cancers into their
clinically relevant molecular subtypes achieving high agreement
between transcriptomics and immunostaining. With the progressive
accumulation of high quality publicly available scRNA-seq data, future
extensions of the core hierarchy to further subclassify the other 18
cancer types and the various core, non-malignant cell types to their
more resolved classes or states will become simple.

As molecular classification of cancers by tissue-of-origin is fun-
damental to diagnostic pathology we demonstrated scATOMIC’s
ability and high accuracy in predicting the primary origin ofmetastatic
tumours. Additional work is required to evaluate the limits of single-
cell transcriptomics to predict cancer origin, specifically in cancers of
unknown primary and other contexts where distinguishing primary
frommetastatic tumours is not trivial, such as in the case of mucinous
ovarian carcinoma47.

In summary, we have described, benchmarked, and validated a
highly accurate single-cell annotation tool across TMEs of common,
deadly cancer types. The RHC-REP classification approach underlying
scATOMIC used here to tackle the complexity associated with multi-
cellular TMEs might be of interest in areas outside the cancer field
entailingmulti-class structured systems. We highlight the benefits that
scATOMICholds in cancer settings compared to other tools, providing
a method to standardise single-cell cancer transcriptomic studies. We
expect that scATOMIC’s abilities to accurately identify TME resident
cells with high resolution, separate between cancer and normal tissue
cells, and determine tumours’ origin will enrich and expedite broad
cancer studies seeking to refine prognostication or cell–cell commu-
nication from single-cell transcriptomes.

Methods
Defining the pan-cancer tumour microenvironment cell type
hierarchy
We defined a structured hierarchy where cell types with tran-
scriptomic similarities are grouped into nodes (Fig. 1a). We first
grouped blood cells based on existing relationships that correspond
to the hematopoietic hierarchy48, and kept stromal cells together. For
cancer cells, we derived putative groups where transcriptomic simi-
larities are expected based on the cancers’ shared organ system,
histological subtype, hormonal tissue, or germ layer. These included
carcinomas of the digestive system (group 1: colorectal, gastric,
esophageal, liver, gallbladder, bile duct, and pancreas), carcinomas
not of the digestive system (group 2: lung, breast, prostate, endo-
metrial, and ovarian), and non-carcinomas including soft tissue,
neuroendocrine, and nervous system cancers (group 3 cancers:
bone, sarcoma, brain, melanoma, and neuroblastoma). We then used
a subset of our data, corresponding to one patient sample from each
cancer type to evaluate random forest models. Evaluating the pro-
portion of trees voting for each cancer type helped refine the groups
and provided guidelines concerning what the subsequent nodes
might be.

For example, for the less trivial grouping of kidney cancer, a
classification model including all cancers assigned 42.3% of tree votes
for kidney, while the majority of the remaining trees voted for various
group 2 cancers thus, suggesting linking kidney cancerwith group 2. In
the other case of lung cancer, we decided to include it in both groups 2
and 3, as separate cancers from both these groups obtained a high
number of trees voting for lung. In this case, no clear distinction was
observed. In a different case concerning CD8 +T cells, we included
CD8 + T cells in both child nodes of the parent node T/NK as different
CD8 + T cell populations show more transcriptomic similarities to NK

Fig. 2 | scATOMIC performs accurately in internal and external validation
experiments. a k-fold cross validation. The reference dataset was randomly split
into 5 sub-samples containing equal numbers of each cell type. F1 scores are shown
for each cell type in each of the 5 replicates (jitter points). Each fold contained
overall ~61,100 cells. Boxplot colours represent the major cell type classes.
b External validation in datasets not used for training. scATOMIC was validated on
CITE-seq datasets of tumour derived blood cells, datasets of aneuploid cancer cells
and stromal cells from primary tumour biopsies. F1 scores are shown for each cell
type within individual samples (jitter points). The plot represents n = 357,526 cells
from 225 samples. Red dots indicate low-confidence cell type classifications
(Methods). Boxplot colours represent the major cell type classes. c scATOMIC

outperforms other existing automatic cell type annotators, particularly when
applied to identify cancer cells and determine their type. Six existing classifiers
were provided the same training/reference and training-independent validation
datasets as scATOMIC. Combined F1 scores for each of the three major cell class,
blood, cancer, and stromaare shown (jitter points). The plot representsn = 337,790
cells from221 samples thatweregiven a classificationoutput by all tools. (two-sided
Wilcoxon rank sum test comparing scATOMIC to each tool *P <0.05, **P < 1.1 × 10−6,
***P < 2 × 10−16, are shown). Boxplot colours represent the different tools. For all
plots, boxes and whiskers represent the lower fence, first quartile (Q1), median
(Q2), third quartile (Q3), and upper fence. Source data are provided as a Source
Data file.
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Fig. 3 | scATOMICeffectively distinguishesbetweenmalignant cells andnormal
tissue specific cells. a scATOMIC predictions and inferred ploidy in breast cancer
patient CID406621. Cells are coloured by scATOMIC predictions and copy number
variation (CNV)-based inferred ploidy. scATOMIC-predicted malignant cells are
inferred as aneuploid cells while normal tissue cells are inferred as diploid.
b Comparison of scATOMIC cancer predictions and inferred ploidy statues across
the training-independent, external validation datasets. Blue bars represent the

number of cells predicted asmalignant (solidblue) andnon-malignant (transparent
blue) by scATOMIC. Red bars represent the number of cells inferred as aneuploid
(solid red) and diploid (transparent red). Green bars represent agreement rate in
each biopsy. Rates do not include cells without a confident ploidy status (that is
received an “NA” annotation by CopyKAT). Source data are provided as a Source
Data file.
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Source data are provided as a Source Data file.
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(i.e. cytotoxic T cells) while others resemble CD4 +T cells more (Sup-
plementary Fig. 1). We found that this structure yields stronger per-
formance as compared to only having CD8+ cells in one of the
branches or generating a single model to differentiate between CD4+,
CD8+andNKall at once.Overall, given that a small randomdata subset
was utilised to infer transcriptomic similarities among classes of cells,
it is possible that other hierarchical structures might also be
appropriate.

Feature selection
For every classification branchwithin the core scATOMIChierarchywe
selected features as a training input of a random forest model. Raw
gene by cell count matrices derived from scRNA-seq analysis were
gathered from multiple sources (Supplementary Data 1) and were
organized into 24 parent groups (Supplementary Fig. 3). To merge
matrices into a particular parent dataset, we removed genes that are
not represented in all of the data sources. In each parent dataset we
removed cells with <500 expressed genes (as defined by non-zero

counts) or with more than 25% of their reads being mapped to
mitochondrial genes.

To find DEGs between each terminal cell type and all other
terminal cell types present in the same parent node we used the
‘Seurat’ R package v4.0.116. Raw gene by cell count matrices were
normalised and variance stabilised using the SCTransform function to
remove technical variability. Principle components were found using
the RunPCA function, on the “SCT” assay. Louvain clustering was
performed by first applying the FindNeighbors function on the top 50
PCs, followed by the FindClusters function with a resolution of 2. The
identity of the resulting cell clusters was determined by the
transcriptomic-independent ground truth associated with the training
datasets. For each model, DEGs were found using the FindMarkers
function (two-sidedWilcoxon rank sum test) with ident.1 set to include
all clusters containing a particular terminal cell type and ident.2 being
all other cells in the parent node. The function returned a list of DEGs
per class that passed default Seurat filtering settings: a log2 fold-
change of at least 0.25, and at least 10% of the cells in ident.1 or ident.2
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expressing the respective gene. We defined a differential expression
score (DES) as the difference of the fraction of cells expressing a non-
zero value for a respective DEG in ident.1 and ident.2 (DES =
pct_expr_ident.1 – pct_expr_ident.2) to capture DEGs more specifically
expressed in any particular cell type. For each terminal cell type, we
kept genes with a DES greater than the mean DES of all DEGs for that
cell type.We removed all ribosomal genes.We also removedDEGs that
had a pct_expr_ident.2 >40% to ensure high performance when inter-
rogating datasets with large technical variation. For the same reason,
we set a minimum andmaximum number of DEGs for each cell type at
50 and 200. Specifically, a minimum number of features was set to
mitigate potential issues in classifying cells with high levels of technical
dropout. In the case where there are fewer than 50 DEGs with DES
higher than the mean, we kept the top 50 DEGs ranked by DES. Fea-
tures that were used for each cell class at each classification layer are
provided in Supplementary Data 7.

Random forest modeling
For each classification branchwithin the core scATOMIC hierarchy, we
trained a random forest model on cells within a respective parental
node and features selected as described above. To minimise bias

associated with imbalanced classification towards majority classes49,
we randomly sampled an equal number of cells from each terminal
class, with replacement. Library size of each single cell was normalised
by using the library.size.normalise function from the ‘Rmagic’ v2.0.3
package50. Prior to training each model, normalised counts were fil-
tered to include selected features and cells within the corresponding
parental node. Read count valueswere transformed to a fraction of the
total filtered counts. A random forest classifier was trained on the
transformed matrix using the ‘randomForest’ R package v4.6–14 with
500 trees and default parameters51. Each random forest was trained to
classify the terminal nodes present within the corresponding parental
node. The specific cell type organization of the 24 classifiers is detailed
in Supplementary Fig. 3.

Applying scATOMIC to query datasets
Before using scATOMIC on query datasets, the interrogated data was
processed as follows. Raw gene by cell count matrices were filtered to
remove cells with non-zero counts for <500 genes or with more than
25% of their reads being mapped to mitochondrial genes. We imputed
missing values in DEG using the magic function from the ‘Rmagic’
package50, where all the cells within the query dataset act as a
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reference. In datasets where there were no reported values across all
the samples for specific selected features, we assigned a value of zero
before imputation. Following each classification task, every cell
received a vector of prediction scores corresponding to the percen-
tage of trees voting for each terminal class in the random forestmodel.
The values in each vector within the next immediate parent node were
then summed to generate IGSs. For example, when the first model
interrogating all the terminal classes in the hierarchy ran (i.e. the par-
ent model “Any Cell”), the output for each cell was composed of two
intermediate group scores. The first corresponded to the sum of trees
voting to all the terminal cell classes belonging to the “Blood Cell”
parent node and the second IGS for the “Non-Blood Cells” parent node
(Fig. 1d). Data from all the cells in the interrogated sample was used to
derive IGS parent distributions. Cells which received an IGS greater
than the defined parent threshold continued down the classification
hierarchy until theywere terminally classified (Fig. 1e). At any stage, if a
cell received an IGS lower than the calculated threshold it was anno-
tated based on the previous parental node (a less specific classifica-
tion). An IGS threshold for a classification to be deemed confident was
automatically determined (Supplementary Fig. 4). Using the ajus
function from the ‘agrmt’ package v1.42.452, IGS distributions for each
IGS calculated among all cells within a parental node are classified as
either unimodal or bimodal. Unimodal distributions suggest a layer
includes one subtype, while bimodal distributions indicate there is
likely more than one subtype. For unimodal distributions we set the
IGS threshold to be the mean IGS (µ) – 3 standard deviations (σ). For
bimodal distributions, using the em function from the ‘Cutoff’ R
package53 v0.1.0, we fit a mixture model for the distributions and
predicted estimates of mean and standard deviations for both dis-
tributions using the expectation maximation algorithm. We selected a
conservative approach when a mixed cell type population exists in a
layer by setting the IGS threshold in bimodal distributions to be the
meanof the higher scoremodality (µ2) – 2 standarddeviations (σ2).We
set the maximum IGS threshold to be 0.7, as in some distributions,
such as when a single pure population remained for classification,
unreasonably high thresholds may be obtained.

A schematic and description of the main functions is detailed in
Supplementary Note 2.

Flagging cells with lower confidence annotations
To provide a way for scATOMIC users to evaluate the confidence of
their cell annotationoutput,wedevised a secondary post-classification
flag to warn about low-confidence annotations. To define low-
confidence annotations, we used the results obtained by external
validation (Fig. 2b). For every model throughout the hierarchy, we
determined themedian IGSs (or PS for terminal nodes) across samples
for correctly annotated cells (X) and incorrectly annotated cells (Y).
Correct versus incorrect status was defined by the terminal annotation
of single cells. For example, in terminally annotatedbreast cancer cells,
median IGSnon-blood, IGSnon-stromal, IGSgroup2-cancer, IGSbreast/lung/prostate,
PSbreast for all the correctly and incorrectly annotated cells in the
validation data were recorded. We derived confidence thresholds
based on the overlap between the distributions of X and Y using their
quartiles (Q).When there was low overlap (defined asminimum X >Q3
Y), the threshold was set to the minimum X. When there was inter-
mediate overlap (defined as minimum X <Q3 Y, yet Q1 X >Q3 Y), the
threshold was set to Q3 Y. In all remaining cases where there was high
overlap (defined as Q1 X <Q3 Y), segregation could not be made and
the classifications of query cells in such cases were deemed confident.
For example, all CD4 + T cells that aremisclassified asCD8+ T cells will
still obtain comparable IGSblood with respect to correctly classified
CD8 + T cells, both being subtypes of blood cells. If at any model
throughout the hierarchy a low-confident IGS is observed, a flag is
applied. In addition, we assigned a sample-level confidence metric
derived from the proportion of cells receiving a confident annotation

based on this flag. To maximise identification of potentially poor-
quality samples, in any new interrogated sample, if <75% of cells
receive confident annotations, a warning will be issued (Supplemen-
tary Fig. 12).

Scoring cancer signatures to refine cancer cell predictions and
identity of normal tissue-specific cells
To identify potential normal tissue specific cells that are not defined in
the core scATOMIC TME hierarchy, we employed a post classification
method for scoring cancer specificmodules in each cell. Lists of genes
differentially expressed between different cancer types and their
matched normal tissues were obtained from OncoDB31. We selected
DEGs fromOncoDB31 with a reported log2 fold change >1 or <−1 and an
adjusted P value <0.01. Since OncoDB31 is based on bulk RNA-seq, we
further filtered the DEG list to only include those with reported
expression values in the query scRNA-seq dataset. Upregulated gene
programs and downregulated gene programs31 were scored using the
AddModuleScore function from Seurat11,16 in each cell predicted as
cancer by random forests. Ward.D2 hierarchical clustering was then
performed on a Euclidean distance matrix of each cell’s upregulated
and downregulated cancer programs. Two groups were derived using
the cutree function. At this stage, scATOMIC evaluates the percentage
of normal cells in each group corresponding to those cells annotated
as either blood, stromaor cancer cellswith lowerupregulatedprogram
scores compared to downregulated program scores. As the AddMo-
duleScore function uses average expression of control feature sets
across all cells in the dataset, the calculated scores are affected by the
proportion of normal cells present. Thus, we filtered out all confident
normal cells in the cluster with a greater percentage of normal cells
and repeated the AddModuleScore pipeline to identify additional
normal cells that were overlooked in the first iteration. We repeated
scoring of cancer programs, hierarchical clustering, calculating the
percentage of normal cells and filtering until both clusters contained
no more than 20% normal cells. Cells that were initially classified as
cancer which were scored as normal cells were given a normal tissue
cell label.

Benchmarking scATOMIC
We validated scATOMIC’s performance using internal cross validation
and external validation datasets. Internal validation was performed by
splitting the training dataset (Supplementary Data 1) into five subsets
containing equal proportions of each cell type. For each iteration we
used4 subsets as scATOMIC training dataset and applied scATOMIC to
the held out independent test subset. F1 scores were calculated for
each terminal cell type at each iteration (Supplementary Data 1). AXL+

dendritic cells (ASDC) represent a rare, recently discovered, transi-
tional state between cDCs and pDCs54. Due to their small numbers in
the training data, these cells were omitted from the internal validation
procedure.

For external validation of scATOMIC we used 424,534 cancer,
blood and stromal cells gathered from various sources (Supplemen-
tary Data 3). For ground truth, we relied on the authors’ annotations of
stromal cells. To improve reliability, cells that were annotated as can-
cer by the authors were subjected to additional validation by CNV
inferenceusingCopyKAT19. For blood cells, weusedCITE-seqdatawith
protein surface markers supporting the author derived cell type
annotations. We excluded cell types from individual samples if their
number was <30. Per sample F1 scores were calculated for each
terminal cell type. During both scATOMIC’s internal and external
validation processes (Fig. 2a, b), we considered correct intermediate
classifications as true positives.

Comparison between scATOMIC and other tools
We compared scATOMIC’s performance to existing scRNA-seq classi-
fiers. In this comparison only, we bypassed the use of IGS cut-offs in
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scATOMIC to enable comparison to other tools that cannot output
intermediate cell classes. Of note, a separate analysis evaluating scA-
TOMIC’s performance under this forced mode against its default
(unforced mode) favoured the latter by indicating that the use of
intermediate annotations more frequently avoids derivation of incor-
rect terminal annotations than restricting the output of correct term-
inal classes. The same training and validation datasets provided to
scATOMIC were also used to provide a comparison of scATOMIC with
the performance of all the other tested tools. A SingleCellNet36 random
forest model was trained on a balanced reference of 2500 random
samples of each cell type, using default parameters. SingleCellNet
expects a class-balanced matrix as input. We provided the same class-
balanced matrix used in scATOMIC’s first classification model, repre-
senting all the cell classes.CHETAH37 is using an alternativehierarchical
classification approach.We usedCHETAHwith its default settings with
the exception of the ‘thresh’ parameter that was set to zero to enforce
terminal annotations, similar to scATOMIC. Scmap-cell17 classification
was performed using default parameters. To enable SingleR proces-
sing of the large reference dataset, we applied its pseudobulk imple-
mentation by setting ‘aggr.ref’ to TRUE15. For the comparison with
Seurat16,35, we partitioned the pan-cancer TME training reference
according to batch and applied the reciprocal PCA workflow. We
transferred labels to query samples using the TransferData function.
For the comparison with scType38, we provided scType with the list of
features corresponding to each terminal class in scATOMIC’s reference
which were derived in the first classification node (Supplementary
Data 7). Otherwise, default parameters were used. To compare scA-
TOMIC’s final cancer cell prediction with the CNV inference approach
of detecting malignant cells we used CopyKAT19 with its default set-
tings (Fig. 3). Both aneuploid and diploid cells from the external vali-
dation biopsies were included in this analysis. Agreement rate was
defined as the simple percentage agreement using the agree function
from the irr55 R package. Cells which received an NA ploidy annotation
were omitted from the calculation.

Analysis of run time and memory usage
We applied each tool without parallel processing, as only some tools
(scATOMIC, Seurat, SingleR) provide that functionality.We considered
the time and memory usage for query datasets following model
training as some methods bypass this step and rely on a given cell
marker list (scType). Using the peakRAM56 R package we monitored
the time for classification and maximum RAM used. We compared the
time and RAM required for the classification of cell types prior to
cancer signature scoring by scATOMIC to SingleR, Seurat, scmap-cell,
SingleCellNet, CHETAH, and scType final classifications. As appro-
priate, we compared the time and memory for the cancer signature
scoring step that differentiates cancer from normal tissue cells to
CopyKAT.

In silico dilution assay
For each primary tumour sample in the external validation, we ran
scATOMIC and CopyKAT on all non-malignant cells while iteratively
reducing the number of malignant cells. Specifically, we sampled
10–100 malignant cells in increments of 10. Only cells that both scA-
TOMIC annotated as cancer cells and CopyKAT inferred as aneuploid
were sampled.

Breast cancer subclassification
We extended the core scATOMIC model to subclassify breast cancer
cells into their histological subtypes. The model extending breast
cancer into its molecular subtypes was trained using a combination of
two datasets. The first included the breast cancer cell lines data within
the core trainingdataset (SupplementaryData 1, 2),where the assigned
molecular subtypes were based on annotations found in the Cancer

Cell Line Encyclopedia DepMap portal57 and the second, primary
tumour data fromWu et al.21 with immunohistochemistry information
(Supplementary Data 4). We used the clinical molecular subtypes of
HER2 + , ER + and triple negative as classes. There was not sufficient
data available to train and test HER2 + /ER + and HER2-/ER+ as sepa-
rated classes. We evaluated this extension’s performance on an
external set of 40 tumours from Pal et al.44 (Supplementary Data 5).
One tumour containing fewer than 100 cancer cells was omitted from
this analysis. The ground truth of ER and HER2 status in the testing set
was received by correspondence with the authors.

Visualising inferred CNVs
To visualise the inferred CNV profile in the ER-low tumour we used the
‘inferCNV’58 package with the cutoff variable set to 0.1 and all other
variables set to default. We defined normal reference cells as cells
annotated by scATOMIC as blood or stromal cells.

Applying scATOMIC to metastatic tumours
scATOMICwas applied to predict the tumour of origin in 62metastatic
tumours. Individual samples used are described in detail in Supple-
mentaryData 6.Wedefined the scATOMIC tumour of origin prediction
by taking the cancer type called in the majority of cancer cells in the
sample.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
All the scRNA-seq data used in this work are publicly available. Datasets
retrieved fromtheGene ExpressionOmnibus canbedownloadedusing
the following accession numbers: GSE16437816, GSE11825724,
GSE11437425, GSE13589327, GSE14081929, GSE14867319, GSE17607821,
GSE13246522, GSE12544941, GSE13190723, GSE11597833, GSE13780459,
GSE14144542, GSE15482660, GSE12313934, GSE16152944. Datasets
retrieved from the Broad Institute Single Cell Portal are available
with the following accession numbers: SCP54220, SCP128861, SCP141532.
The remaining datasets were downloaded directly from links provided
in their corresponding publications: Madissoon et al.26 [https://data.
humancellatlas.org/explore/projects/c4077b3c-5c98-4d26-a614-
246d12c2e5d7], Chen et al.4 [https://static-content.springer.com/esm/
art%3A10.1038%2Fs41467-020-18916-5/MediaObjects/41467_2020_
18916_MOESM2_ESM.zip], Couturier et al.62 [https://datahub-262-c54.p.
genap.ca/GBM_paper_data/GBM_cellranger_matrix.tar.gz], Qian et al.40

[https://lambrechtslab.sites.vib.be/en/pan-cancer-blueprint-tumour-
microenvironment-0], Young et al.63 [https://www.science.org/doi/
suppl/10.1126/science.aat1699/suppl_file/aat1699_datas1.gz.zip], Peng
et al.64 [https://zenodo.org/record/3969339], Zheng et al.45 [https://
zenodo.org/record/5461803]. Additional descriptions of these data-
sets are provided in Supplementary Data 8. All re-processed data used
for training and validation have been deposited in Zenodo and are
available through the following link: https://doi.org/10.5281/zenodo.
741923665. Bulk RNA sequencing cancer specific signatures were
obtained from OncoDB31 [https://oncodb.org/data_download.html].
Subtypes of cancer cell lines were derived from the Cancer Cell Line
Encyclopedia in DepMap57 [https://depmap.org/portal/ccle/]. Source
data are provided with this paper.

Code availability
The scATOMIC R package, associated code and user manual are
available at the abelson-lab/scATOMIC GitHub repository: https://
github.com/abelson-lab/scATOMIC66. Additional scripts to reproduce
thefigures in themanuscript aredeposited inZenodo and are available
through the following link: https://doi.org/10.5281/zenodo.741923665.
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Abstract: Alterations in body composition, in particular sarcopenia and sarcopenic obesity, are
complications of liver cirrhosis associated with adverse outcomes. This systematic review aimed to
evaluate the effect of diet and/or exercise interventions on body composition (muscle or fat) in adults
with cirrhosis. Five databases were searched from inception to November 2021. Controlled trials of
diet and/or exercise reporting at least one body composition measure were included. Single-arm
interventions were included if guideline-recommended measures were used (computed tomog-
raphy/magnetic resonance imaging, dual-energy X-ray absorptiometry, bioelectrical impedance
analysis, or ultrasound). A total of 22 controlled trials and 5 single-arm interventions were included.
Study quality varied (moderate to high risk of bias), mainly due to lack of blinding. Generally, sample
sizes were small (n = 6–120). Only one study targeted weight loss in an overweight population.
When guideline-recommended measures of body composition were used, the largest improvements
occurred with combined diet and exercise interventions. These mostly employed high protein di-
ets with aerobic and or resistance exercises for at least 8 weeks. Benefits were also observed with
supplementary branched-chain amino acids. While body composition in cirrhosis may improve
with diet and exercise prescription, suitably powered RCTs of combined interventions, targeting
overweight/obese populations, and using guideline-recommended body composition measures are
needed to clarify if sarcopenia/sarcopenic obesity is modifiable in patients with cirrhosis.

Keywords: liver cirrhosis; sarcopenia; sarcopenic obesity; nutrition; exercise; body composition

1. Introduction

Advanced liver disease is a complex major health problem, impacting more than
1.5 billion individuals worldwide [1]. Cirrhosis is the end stage of chronic liver disease and
is characterised by severe hepatic fibrosis with potential impacts on hepatic function. Once
patients develop cirrhosis, they are at risk of dying from decompensated liver disease or
hepatocellular carcinoma (HCC) [2]. Liver transplantation offers the opportunity to cure
both. During the progression to cirrhosis, many aspects of health deteriorate, increasing
the risk of malnutrition and loss of muscle mass [3,4], which in turn are associated with
adverse outcomes for patients with cirrhosis and those awaiting transplant [5,6].
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There are two key issues relating to body composition for people with liver cirrhosis.
Firstly, sarcopenia is a condition characterised by a significant depletion of skeletal muscle in
combination with low muscle strength and/or physical performance [7]. Sarcopenia is often
interrelated with malnutrition [8]. In general, sarcopenia in liver disease literature refers
to reduced muscle mass alone, which has a prevalence in cirrhosis between 40–70% [9].
Sarcopenia is associated with increased mortality in patients with cirrhosis, and in those
who receive a liver transplant [10]. The second issue is an elevated body mass index in
people with cirrhosis. Comorbid sarcopenia with obesity, where low muscle mass may be
masked due to excess adiposity, increases the risk of hepatic decompensation and death
in patients with cirrhosis [11,12]. Additionally, surgical risk is increased for obese liver
transplant recipients [13,14]. The proportion of patients being referred for liver transplant
with comorbid obesity is increasing [15]. Interventions to reduce adiposity may ameliorate
the severity of their underlying liver disease, but also needs to be considered to improve
transplant outcomes. The challenge in achieving weight loss in this patient group is to
preserve or increase muscle mass whilst losing fat mass.

The first challenge in addressing low muscle mass and/or high adiposity in patients
with cirrhosis is accurately assessing body composition, which can be complicated by fluid
retention with ascites and oedema. Triceps skinfold thickness (TSF) and mid-arm muscle
circumference (MAMC) appear less affected by fluid overload than other anthropometric
measures in this population [16]. While there is evidence that these measures have good
intra- and inter-rater reliability for the diagnosis of malnutrition [17], there remain concerns
about their reproducibility [18] and their reliability in identifying subtle changes [7]. Re-
cent guidelines have recommended several reference methods for the assessment of body
composition in patients with cirrhosis, specifically computerised tomography (CT) and
magnetic resonance imaging (MRI) techniques [16,19]. The use of dual-energy Xray absorp-
tiometry (DXA), bioelectrical impedance analysis (BIA), and ultrasound are also supported
when CT/MRI are unavailable. These may be more readily available in clinical settings,
although the reliability of BIA and some DXA measures may be adversely impacted by
fluid retention in decompensated cirrhosis [20,21].

It is well known that both diet and exercise have positive effects on health outcomes
across multiple chronic health conditions. Low muscle mass and high adiposity are attrac-
tive therapeutic targets in advanced liver disease because they may be modifiable through
diet and/or exercise interventions. Exercise training is known to reduce the progression, or
reverse muscle wasting [22] and has been shown to improve physical function and frailty in
cirrhosis [23]. According to current guidelines [16,19], a high protein, high energy diet has
been recommended for people with cirrhosis, due to catabolic effects of cirrhosis that can
lead to protein degradation and therefore muscle loss. Minimising fasting times, and the
inclusion of a late evening carbohydrate rich snack to prevent overnight catabolism have
also been recommended [24]. It is still unclear how to accurately estimate energy needs for
individuals with cirrhosis who are obese. There have also been several studies exploring
the effect of Branched Chain Amino Acids (BCAAs) in this population; however, there
has been heterogeneity in BCAA dosage type [25]. While advice about combined diet and
exercise in cirrhosis is beginning to appear in more detail in practice guidelines [26], there
remains a gap in current knowledge relating to improving body composition in cirrhosis,
especially in obese persons. There is currently no comprehensive synthesis of evidence to
guide interventions to slow progression or potentially reverse muscle wasting or reduce
adiposity for patients with cirrhosis.

Therefore, we aimed to systematically evaluate the evidence on the effect of diet and/or
exercise interventions on body composition in adults with cirrhosis, with a particular
interest in the impact of these interventions on patients with obesity and liver cirrhosis to
determine whether muscle mass can be preserved concurrently with fat loss.
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2. Materials and Methods

This systematic review followed the Preferred Reporting Items for Systematic Reviews and
Meta-analyses (PRISMA) statement [27] (see Supplementary Materials Supplementary File S1),
and the protocol was registered with the international Prospective Register of Systematic
Reviews (PROSPERO ID: CRD42020176547).

2.1. Eligibility Criteria

Table 1 summarises the population, intervention, control, outcomes, and study design
(PICOS) for the study selection.

Table 1. PICOS for study selection and eligibility criteria.

Criteria Inclusion and Exclusion Details

Population - Liver cirrhosis, including potential transplant candidates.

Intervention

- Diet or exercise intervention (alone or combination), of at least four
weeks duration.

- Studies excluded if the intervention was a single nutrient (e.g.,
vitamin D, omega-3 fatty acid), or nutrition was exclusively
administered intravenously without oral nutrition support.

Control
- No specified control.
- Studies without a control group were included if they reported

specific body composition measures (see below).

Outcomes

- At least one body composition measure, via imaging (CT, MRI, or
DXA), BIA, ultrasound, or anthropometry (TSF, MAMC, MAC, thigh,
or calf circumference).

- Single-arm interventions were included if they had one of the
guideline-recommended measures (CT, MRI, DXA [19]; or BIA if in
compensated cirrhosis).

- Waist circumference was not included due to the confounding effect
of any ascites.

Study Design

- RCTs, non-randomised controlled trials and single-arm interventions
were eligible.

- Articles excluded: case report, letter to the editor, abstract only, or
non-English.

CT: computerised tomography, MRI: magnetic resonance imaging, DXA: dual-energy Xray absorptiometry,
BIA: bioelectrical impedance analysis, TSF: triceps skinfold thickness, MAMC: mid-arm muscle circumference,
MAC: mid-arm circumference, RCT: randomised controlled trials.

2.2. Search Strategy

Databases were searched from inception to 15 November 2021 (PubMed, Embase,
Web of Science, CINAHL, and CENTRAL). Reference lists of relevant review articles
were hand-searched to identify further articles. The strategy utilised a combination of
key words and controlled vocabulary combining terms related to liver cirrhosis AND
diet/exercise AND intervention/trial (see Supplementary Materials Supplementary File S2
for full search strategy). The final search was de-duplicated using reference management
software, Endnote [28]. References were screened in Rayyan [29]. Two reviewers (H.J. and
T.T.) independently screened approximately half of the title and abstracts using a screening
tool. Twenty studies were piloted with the tool to determine agreement before completing
the screening. For potentially eligible articles, full texts were retrieved and independently
screened by two of three reviewers (H.J., T.T., or H.M.). Disagreements were resolved by
consensus or referral to the third reviewer.
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2.3. Data Extraction

Extracted data included study authors, publication year, country, population, setting,
intervention, control, and body composition outcomes. If data were not available, an
attempt to contact authors was made to retrieve information. Data were initially extracted
by either of two reviewers (H.J. or T.T.) in a standardised extraction table. Extraction was
piloted across three different study designs (RCT, non-randomised controlled trial, and
single-arm intervention studies) to ensure consistency. Where present, we extracted body
composition change data between study treatment groups. If unavailable, we recorded
the within-group change. All extraction was cross-checked by a second reviewer with
disagreements discussed to reach consensus.

2.4. Quality Assessment

For each included study, risk of bias was assessed independently by two of three
reviewers (H.J., T.T., or H.M.) using the Cochrane risk of bias tool (Rob2) [30] for RCTs,
and the ROBINS-I tool [31] for non-randomised controlled and single-arm studies. Rob2
evaluates five domains including risk of bias from: randomisation process, deviations
from intended interventions, missing outcome data, measurement of the outcome, and
selection of the reported result. The ROBINS-I tool evaluates seven domains including risk
of bias due to: confounding, participant selection, classification of interventions, deviations
from intended interventions, missing data, measurement of outcomes, and selection of the
reported result. For the domains considering deviations from intended interventions, where
intervention blinding is considered, we allocated ‘some concerns’ rather than ‘serious’ if
participants were not blinded. This is due to the nature of diet and/or exercise interventions,
where it is often not feasible for intervention allocation blinding. Conflicts were resolved
by consensus or a third reviewer. The certainty of the body of evidence based on outcomes
using the Grading of Recommendations Assessment Development and Evaluation was
not possible due to significant variability in study design, interventions used, outcome
measures employed, and statistical methodologies used across the studies.

2.5. Data Synthesis

A meta-analysis was unable to be performed due to variability in study interventions,
control groups, tools to assess body composition, and reporting of means and medians
across studies. Narrative synthesis was conducted based on type of intervention and body
composition measures. Where a study reported on multiple body composition measures
the guideline-recommended measures were prioritised in the text results (CT or MRI,
followed by DXA, BIA, or ultrasound, then anthropometry).

3. Results
3.1. Characteristics of Studies

The final search contained 10,099 articles, including three articles from hand searches
(Figure 1). A total of 152 full text articles were retrieved and 27 studies included in this
review. Thirty-two studies were excluded for not reporting on body composition measures.
The characteristics and outcomes of the included studies are summarised in Table 2. Of the
27 studies, 19 were RCTs, 3 were non-randomised controlled trials, and 5 were single-arm
intervention studies. Most studies were relatively small, with participant numbers ranging
from 6 to 120, totalling 1263 participants. Intervention duration ranged between 4 and
56 weeks and populations included patients with both compensated and decompensated
cirrhosis. Only one study specifically targeted an overweight population [32], however
the primary outcomes of interest were weight loss and portal hypertension changes. Thir-
teen studies in total reported populations with a mean BMI either overweight [33–40] or
obese [32,41–44]. Others did not report on BMI [45–51]. None of the studies specifically
targeted sarcopenic obesity in cirrhosis.
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Table 2. Study characteristics and outcomes for diet and/or exercise interventions in cirrhosis.

Study
Citation,
Country

Study
De-
sign

Population Exercise Intervention Dietary
Intervention

Control
Group

Body Composition Outcomes
↑ = Significantly Increased or Higher
↓ = Significantly Decreased or Lower

↔ = No Significant Difference (Pre/Post or
vs. Control)

Combined intervention studies (n = 9 RCTs, n = 2 non-randomised studies, n = 3 single arm intervention trials)

Aaman et al.
[40]
2019

Denmark
RCT

Intervention n = 20
Age 61.7 ± 7.8 years

80% male
BMI 26 ± 3.0 kg/m2

Child Pugh Class:
A 50%, B 50%

MELD 10.8 ± 2.7
Control n = 19

Age 63 ± 7 years
74% male

BMI 25 ± 4.2 kg/m2

Child Pugh Class:
A 53%, B 47%

MELD 10.7 ± 2.8
Outpatients

Supervised resistance training 3
days/week for 60 min at a

moderate level. 5 min warm up,
then

7 whole body exercises, (3 sets
for legs, 2 sets for arms/chest, 1

set lower back, 1 for
abdominals), starting at 15–12

repetitions at the start down to 8
by week 12

Duration:12 weeks

Oral nutrition
supplements (125
mL, 14.4 g protein

and 2.9 g
BCAA/100 g)

provided if
protein intake <
1.2 g/kg/day at

baseline

No change to
current

exercise or diet

Intervention versus control:
↑ Cross sectional area of quadriceps via MRI

↑ Body cell mass via BIA
↔ Dry lean mass via BIA
↔ Lean mass via BIA
↔ Calf circumference

↔MAC
↔ Thigh circumference
↔Mid arm muscle area

↔ TSF

Chen et al. [44]
2020
USA

Pilot
RCT

Intervention n = 9
Age 55 ± 7 years

56% male
BMI 30 ± 6 kg/m2

Child Pugh Class:
B 78%, C 22%

MELD-Na 16 ± 4
Control n = 8

Age 54 ± 11 years
75% male

BMI 31 ± 8 kg/m2

Child Pugh Class:
B 50%, C 50%

MELD-Na 19 ±3
Portal hypertension and MELD

≥ 10
Outpatients

Education on exercise, and
behavioural counselling

bi-weekly for first 8 weeks.
Self-directed exercise increasing

500 steps/day weekly to
biweekly.

Daily to weekly motivational
phone calls.

Duration: 12 weeks

Standardised diet
provided 1.2–1.5

g/kg/day of
protein + late

evening snack +
oral nutrition

supplement (6 g
essential amino

acids) twice a day

Standardised
diet (same as
intervention
group) only

Intervention versus control:
↑ Psoas muscle index via CT

↔ Total skeletal muscle index via CT
↔ Intramuscular adipose tissue via CT
↔ Total abdominal adipose tissue via CT
↔ Total thigh muscle volume via CT
↔ Thigh muscle index via CT

↔ Cross sectional area, 50% of femur length
via CT

↔ Thigh adipose tissue volume via CT
↔ Fat free mass via DXA
↔ Fat mass via DXA

↔ Lean muscle index via DXA
↔ Lower extremities lean muscle index

via DXA
↔ Fat free mass via BIA
↔ Fat mass via BIA

↔ Skeletal muscle mass via BIA
↔ Skeletal muscle index via BIA

↔ Phase angle via BIA
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Table 2. Cont.

Study
Citation,
Country

Study
De-
sign

Population Exercise Intervention Dietary
Intervention

Control
Group

Body Composition Outcomes
↑ = Significantly Increased or Higher
↓ = Significantly Decreased or Lower

↔ = No Significant Difference (Pre/Post or
vs. Control)

Hernandez-
Conde et al.

[39] 2021

Pilot,
double-
blind
RCT

Intervention n = 15
Age 69 ± 9.7 years

86.7% male
BMI 29 ± 4.6 kg/m2

MELD 10.7 ± 4.4
Child Pugh Class:
A 78.6%, B 21.4%

Control n = 17
Age 61 ± 9.4 years

88.2% male
BMI 26 ± 4.7 kg/m2

MELD 11 ± 3.4
Child Pugh Class:

A 59%, B 29%,
C 12%

Compensated outpatients

Personalised exercise
instructions with use of

accelerometers in wristbands or
smartphones to include

5000–10,000 steps/day with
gradual increments of 2000–2500
steps/day + moderate intensity
exercise in 30-min sessions (goal

at least 150 min/week) +
verbal reinforcement at reviews.

Duration: 12 weeks

Personalised diet
recommendations +
instructed to eat 7

meals/day
including late

evening snack plus
BCAA supplement
100 g dissolved in

500 mL water
throughout the day
(15 g protein, 8.5 g

fat, 68 g of
carbohydrates, 2.61
g of leucine, 1.01 g
of isoleucine, and
1.62 g of valine) +

verbal
reinforcement at

reviews

Same exercise
and diet rec-

ommendations
as intervention
group except
took placebo
supplement

100 g
dissolved in

500 mL water
throughout

day
(maltodextrin

99.63%)
instead of

BCAA

Intervention versus control:
↑ Skeletal muscle index via CT
↓ % total body fat via BIA
↔ Phase angle via BIA

Kruger et al.
[47]
2018

Canada

RCT

Intervention n = 20
Age 53 ± 8 years

50% male
MELD 9.05

Child Pugh Class:
A 70%, B 30%
Control n = 18

Age 56.4 ± 8.5 years
65% male
MELD 9.7

Child Pugh Class:
A 70%, B 30%

BMI not reported
Outpatients

Supervised at home, moderate
to high intensity aerobic exercise
(60–80% of heart rate reserve) on

cycle ergometer 3 days/week
(30 min sessions gradually

increased to 60 min). Visited
bi-weekly for session

observation.
Duration: 8 weeks

Dietary counselling
on optimal protein
(1.2–1.5 g/kg/day,
ideal body weight
for BMI > 30) and

energy intake
(35–40 kcal/kg for

BMI 20–30,
25–35 kcal/kg for
BMI 30–40, and

20–25 kcal/kg for
BMI > 40. Advised
on exercise days to
consume an extra

250–300 kcal.

Usual care
Intervention versus control:

↔ Thigh muscle mass via ultrasound
↔ Thigh circumference
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Table 2. Cont.

Study
Citation,
Country

Study
De-
sign

Population Exercise Intervention Dietary
Intervention

Control
Group

Body Composition Outcomes
↑ = Significantly Increased or Higher
↓ = Significantly Decreased or Lower

↔ = No Significant Difference (Pre/Post or
vs. Control)

Lattanzi et al.
[38] 2021

Pilot
single
blind
RCT

Intervention n = 14
Age: 59.2 ± 8.4 years

64% male
BMI 29.8 ± 4.3 kg/m2

Child Pugh Class:
A 86%, B 14%
MELD 9 ± 2.7
Control n = 10

Age: 56 ± 4.6 years
60% male

BMI 29.6 ± 6.8 kg/m2

Child Pugh Class:
A 90%, B 10%

MELD 9.8 ± 3.2
Outpatients with portal

hypertension

Motivational interviewing with
information on physical activity

at baseline

Motivational
interview at

baseline with
information and

counselling on diet
in line with EASL
clinical guidelines

(2019) + HMB
supplement
(3 g/day)

Same exercise
and diet as

intervention
group +
placebo

supplement
(Sorbitol
3 g/day)

Within group changes:
↑ Thigh muscle thickness via ultrasound

↔Fat free mass via BIA
↔Phase Angle via BIA

Macias-
Rodriguez

et al. [37] 2020
RCT

Intervention n = 22
Age 53.5 ± 7.6 years

47% male
BMI 29.8 ± 4.8 kg/m2

Child Pugh Class:
A 82%, B 18%

MELD 8.5 (7–10)
Control n = 21

Age 53.7 ± 8.2 years
43% male

BMI 29.2 ± 3.7 kg/m2

Child Pugh Class:
A 95%, B 5%

MELD 8 (7.5–9.5)
Compensated cirrhosis,

outpatients

Given wrist-worn accelerometer
as activity tracker. Aim to

gradually increase physical
activity to reach >2500

steps/day above baseline. Total
5000 steps/day. Light to

moderate intensity.
Duration: 10 weeks

Harris–Benedict
equation was

utilised to calculate
energy

requirements + 10%
extra for thermic
effect of food and

20% extra for
exercise.
Diet 60%

carbohydrates,
1.3–1.5 g

protein/kg/day +
remainder from fats

+ 1.5–2 g sodium
restriction/day

restriction +
non-alcoholic beer

at lunch
(330 mL/day)

The same diet
and exercise
prescribed as
intervention

group without
non-alcoholic
beer (given a
330 mL bottle

of water
instead)

Within group changes:
↔ Phase Angle via BIA
↑ Thigh circumference

↔MAMC
↔TSF
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Table 2. Cont.

Study
Citation,
Country

Study
De-
sign

Population Exercise Intervention Dietary
Intervention

Control
Group

Body Composition Outcomes
↑ = Significantly Increased or Higher
↓ = Significantly Decreased or Lower

↔ = No Significant Difference (Pre/Post or
vs. Control)

Macias-
Rodriguez
et al. [36]

2016
Mexico

Pilot
open
RCT

Intervention n = 13
Age 53 (48–55) years

69% male
BMI 27.5 (22.4–28.9) kg/m2

Child Pugh score
6 (5–7)

MELD 9 (8–12)
Control n = 12

Age 51 (38–57) years
83% male

BMI 27.4 (25–30) kg/m2

Child Pugh score
6 (5–7)

MELD: 12 (7–14)
Compensated outpatients

Supervised exercise
3 days/week of 60–70% max

heart rate, for 40 min of aerobic
training using cycle ergometer +

kinesiotherapy/rhythmic
activities)

Duration: 14 weeks

Instructed to
consume 30% extra

calories (65%
carbohydrates,
1.2 g/kg/day

protein) + no added
salt diet of

1.5–2 g/day

Same recom-
mendations as
intervention;
consume 10%
extra calories

(65%
carbohydrates,
1.2 g/kg/day
protein) + no

added salt diet
of 1.5–2 g/day.

Continue
regular

activities, no
new exercise

Intervention versus control:
↑ Phase angle via BIA

Roman et al.
[33]
2014
Spain

Pilot
RCT

Intervention n = 8
Age 65.5 (46–72) years

62% male
BMI 26.7 (18.3–34.7) kg/m2

Child Pugh Class:
A 87%, B 13%

MELD 9.5 (7–12)
Control n = 9

Age 61 (43–75) years
78% male

BMI 27.6 (19.5–35.3) kg/m2

Child Pugh Class:
A 78%, B 22%,
MELD 9 (7–13)

Outpatients with a previous
episode of decompensation

Supervised exercise
3 days/week, moderate

intensity (60–70% max heart
rate) for 60 min. Cycle

ergometry and
treadmill walking

Duration: 12 weeks

10 g oral leucine
supplementation

daily

10 g oral
leucine supple-

mentation
daily, no

exercise recom-
mendations

Within group changes:
↑ Lower thigh circumference (intervention

compared to baseline,↔ control)
↔Mid or upper thigh circumference

(intervention or control)
↔MAMC (intervention or control)

↔Mid-arm circumference (intervention
or control)

↔ TSF (intervention or control)
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Table 2. Cont.

Study
Citation,
Country

Study
Design Population Exercise Intervention Dietary

Intervention
Control
Group

Body Composition Outcomes
↑ = Significantly Increased or Higher
↓ = Significantly Decreased or Lower
↔ = No Significant Difference (Pre/Post

or vs. Control)

Zenith et al.
[35]
2014

Canada
RCT

Intervention n = 9
Age 56 ± 8 years

78% male
BMI 27.7 ± 3.8 kg/m2

Child Pugh score: 6.2 ± 1.4
MELD 9.7 ± 2.4
Control n = 10

Age 59 ± 6 years
80% male

BMI 28.9 ± 4.1 kg/m2

Child Pugh score:
6.3 ± 1.4

MELD 10.2 ± 1.9
Outpatients, Child Pugh A or B

Supervised exercise
3 days/week, 60–80% of peak
VO2, 30 min session, increased

by 2.5 min per session each
week, 5 min warm up and cool

down using cycle ergometer
Duration: 8 weeks

Baseline dietetic
counselling to reach

1.2–1.5 g/kg of
protein (for BMI >

30 adjustments
made based on

ideal body weight),
calories BMI

specific (between 14
up to 30 kcal/kg)
and instructed to
consume an extra

250–300 calories on
exercise days

Baseline
counselling by

dietitian
(same as

intervention)
but no formal

exercise
regimen

Intervention versus control:
↑ Quadricep muscle thickness via

ultrasound
↑ Thigh circumference

Morkane et al.
[43]
2020

United
Kingdom

Non-
random-

ised
con-

trolled
trial

Intervention n = 16
Age 55.6 ± 7.8 years

87.5% male
MELD 13.7 ± 4.6

BMI 30.9 ± 5.6 kg/m2

Control n = 17
Age 55.6 ± 7.8 years

82.7% Male
MELD 13.2 ± 3.7

BMI: 27 ± 4.6 kg/m2

Outpatients, transplant
candidates

Supervised 40 min interval
training on cycle ergometer (4–6
× 3 min intervals at 80% of AT
(moderate intensity) and 4–6 ×

2 min intervals at 50% of
difference between VO2 at peak

and VO2 at AT (‘severe’
intensity) with 5 min warm up

and cool down)
Duration: 6 weeks

Standardised
nutrition

assessment and
advice by transplant
dietitian at baseline

and 6 weeks

Standard care,
no initiation of

exercise.
Standardised

nutrition
assessment

and advice by
transplant
dietitian at

baseline and
6 weeks

Within group changes:
↔Mid-arm circumference (intervention

or control)
↔MAMC (intervention or control)
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Table 2. Cont.

Study
Citation,
Country

Study
Design Population Exercise Intervention Dietary

Intervention
Control
Group

Body Composition Outcomes
↑ = Significantly Increased or Higher
↓ = Significantly Decreased or Lower
↔ = No Significant Difference (Pre/Post

or vs. Control)

Schmidt et al.
[42] 2021

Non-
randomised

con-
trolled

trial

Intervention n = 11
Age 56.6 ± 9.9 years

63.6% male
BMI 30.3 ± 5.4 kg/m2

Child Pugh Class:
A 91%, B 9%

Control n = 22
Age 58.7 ± 12.9 years

59.1% male
BMI 32.4 ± 5.1 kg/m2

Child Pugh Class:
A 86%, B 14%

MELD—not reported
Compensated outpatients

Supervised exercise
3 days/week, aerobic, moderate

intensity (5 min warm up,
30 min walking/running

60–70% VO2 max). Increasing
session by 2 min until reaching

50 mins by week 8.
Duration: 12 weeks

Diet advice to aim
for 25–30 kcal/day

and 1.2–1.5 g of
protein/kg/day—

using estimated dry
body weight.

The same diet
advice without

any exercise
intervention

Intervention versus control:
↔ Phase Angle via BIA
↔ Lean mass via BIA
↔ Fat mass via BIA
↔MAMC
↓MAC

Berzigotti et al.
[32]
2017

Spain

Multi-
centre
single
arm

intervention
pilot
study

Total n = 50
Age 56 ± 8 years

62% male
BMI 33.3 ± 3.2 kg/m2

MELD 9 ± 3
Child Pugh Class:

A 92%, B 8%
Compensated outpatients with

BMI ≥ 26 kg/m2

Supervised exercise 1 day/week
for 60 min moderate intensity
(10–12 Borg Scale of Perceived

Effort) in groups of 1–5 +
increase daily step activity

Duration: 16 weeks

Reduction of
500–1000 kcal/day.

Protein intake
maintained at

20–50% of total kcal
and within 0.8 g/kg

ideal
bodyweight/day.
Carbohydrates
45–50% and fat

<35% of total kcal.
20 g/day

alimentary fibre
recommended.

No control ↓ Fat mass via BIA
↔ Lean mass via BIA

Hiraoka et al.
[52]
2017

Japan

Single
arm inter-
vention
study

Total n = 33
Age 67 (63–71) years

39% men
BMI 23.2 (20.8–25.1) kg/m2

Child Pugh Class:
A 90%, B 10%

Compensated outpatients

Walking (an additional 2000
steps/day on top of usual

average steps)
Duration: 12 weeks

Late evening BCAA
supplement

provided once daily
(13.5 g protein, 210

kcal/day)

No control ↑Muscle volume via BIA (reported as
change ratio)
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Table 2. Cont.

Study
Citation,
Country

Study
Design Population Exercise Intervention Dietary

Intervention
Control
Group

Body Composition Outcomes
↑ = Significantly Increased or Higher
↓ = Significantly Decreased or Lower
↔ = No Significant Difference (Pre/Post

or vs. Control)

Nishida et al.
[53]
2017

Japan

Single
arm inter-
vention
study

Total n = 6
Age from 51–79 years

100% female
BMI 24.3 (19.6–26.1) kg/m2

Child Pugh Class:
A 100%

Compensated
outpatients

Instructed to undertake bench
step activity at anaerobic

threshold level at home. Aim
140 min/week.

Duration: 12 months

BCAA supplement
(3 sachets/day =
12.45 g of BCAA),

no specific nutrition
advice except to
maintain usual
dietary intake

No control
↔ % fat via BIA

↔ Visceral fat area via CT
↔ Intramuscular adipose tissue content

via CT

Diet-only intervention studies (n = 9 RCTs, n = 1 non-randomised study, n = 2 single arm interventions)

Dupont et al.
[45]
2012

France

Multi-
centre
RCT

Intervention n = 44
Age 56.1 ± 9.6 years

68% male
Child Pugh score: 11.2 ± 1.3

Control n = 55
Age 54.6 ± 9.6 years

64% male
Child Pugh score: 10.5 ± 1.5
BMI or MELD—not reported

Inpatients with ARLD and
jaundice (without alcoholic

hepatitis)

NA

Enteral nutrition
3–4 weeks

(30–55 kcal/kg/day
through nasogastric
tube). Subsequent

3 oral nutrition
supplements/day

for 2 months
Duration: 12 weeks

with outcomes
reported at
12 months

Standard
hospital oral

diet

Intervention versus control:
↔MAMC
↔ TSF

Hirsh et al.
[54]
1983
Chile

RCT

Intervention n = 26
Age 49.9 ± 8.6 years

81% male
Control n = 25

Age 46.1 ± 8.0 years
84% male

BMI, Child Pugh, or
MELD—not reported

Decompensated outpatients

NA

1 L oral nutrition
supplement /day

(1000 kcal, 34 g
protein) + usual diet

Duration:
12 months

Placebo tablet
daily

Intervention versus control:
↔ TSF

↔Mid-arm circumference



Nutrients 2022, 14, 3365 13 of 28

Table 2. Cont.

Study
Citation,
Country

Study
Design Population Exercise Intervention Dietary Intervention Control

Group

Body Composition Outcomes
↑ = Significantly Increased or Higher
↓ = Significantly Decreased or Lower
↔ = No Significant Difference (Pre/Post

or vs. Control)

Le Cornu et al.
[55]
2000

England
RCT

Intervention n = 42
Age 52 (27–67) years

69% male
Child Pugh Class:

A 7%, B 48%, C 45%
Control n = 40

Age 50 (24–68) years
78% male

Child Pugh Class:
A 10%, B 28%, C 62%

BMI or MELD not reported
Outpatient transplant

candidates with MAMC < 25%
percentile

NA

Oral nutrition
supplement of 500

mL/day (750 kcal, 20 g
protein) was given +

dietary counselling to
adapt/increase their
calories and protein

based on their medical
condition until
transplantation
Duration: until
transplantation.

Median wait 77 (1–395)
days intervention and

45 (1–424) control

Standard
dietary advice

to
adapt/increase

their calories
and protein

based on their
medical

condition until
transplanta-

tion

Intervention versus control:
↔MAMC

↔Mid-arm circumference
↔ TSF

Les et al.
[48]
2011

Spain

Multi-
centre
RCT

Intervention n = 58
Age 64.1 ± 10.4 years

78% male
Child Pugh 8.3 ± 2.0

MELD 16.1 ± 4.5
Control n = 58

Age 62.5 ± 10.4 years
74% male

Child Pugh 8.1 ± 1.7
MELD 16.2 ± 3.9

BMI—not reported
Outpatients with previous

episode of hepatic
encephalopathy

NA

Diet of 35 kcal/kg +
0.7 g/kg of protein/day

adjusted to ideal
weight + late evening

BCAA supplement
2/day (120 kcal).

Enteral nutrition if
admitted for episode of
hepatic encephalopathy

and oral intake in
hospital was poor.

Duration: mean 32 ±
22 weeks intervention

and 36 ± 2 weeks
control

Same diet but
with

maltodextrin
supplement

2/day instead
of BCAA.
Enteral

nutrition
provided if
episode of
hepatic en-

cephalopathy
and oral intake

was poor

Within group changes:
↑MAMC (intervention compared

to baseline)
↔MAMC (control compared to baseline)
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Table 2. Cont.

Study
Citation,
Country

Study
Design Population Exercise Intervention Dietary Intervention Control

Group

Body Composition Outcomes
↑ = Significantly Increased or Higher
↓ = Significantly Decreased or Lower
↔ = No Significant Difference (Pre/Post

or vs. Control)

Manguso et al.
[34]
2005
Italy

Random-
ised,

double
period
cross-
over
trial

Group 1: n = 45
Age 60 ± 9 years

67% male
BMI 28.5 ± 3.2 kg/m2

Child Pugh Class:
A 33%, B 77%

Group 2: n = 45
Age 60 ± 7 years

49% male
BMI 27.8 ± 2.1 kg/m2

Child Pugh Class:
A 33%, B 77%

Outpatients with HCV cirrhosis

NA

Group 1: Prescribed diet
of 30–40 kcal/kg/day
based on calculated

desirable weight
(total calories split into

16% protein, 55%
carbohydrates, 28–30%

fat) +
low sodium

1000 mg/day
Followed by usual

diet after.
Group 2:

Usual diet first. Followed
by prescribed diet second.
Duration: 3 months per

diet (6 months total)

Within group changes:
↑MAMC (Group 1 at 3 months post

prescribed diet vs baseline)
↑MAMC (Group 2 at 6/12, post

prescribed diet vs baseline and vs 3/12)
↓MAMC (Group 1 at 6 months post

usual diet vs 3 months post
prescribed diet)

↔MAMC (Group 2 at 3 months post
usual diet vs baseline)

↔ TSF (Group 1 or Group 2 after both
diet interventions at 3 and 6 months)

Okabayashi
et al. [56]

2011
Japan

RCT

Intervention n = 40
Age 68 ± 7.6 years

28% male
BMI 23.6 ± 3.2 kg/m2

Child Pugh Class:
A 70%, B 30%
Control n = 36

Age 65.1 ± 11.3 years
31% male

BMI 22.7 ± 3.2 kg/m2

Child Pugh Class:
A 71%, B 29%

Outpatients with scheduled
HCC surgery

NA

Carbohydrate and BCAA
enriched supplement
morning and night.

(420 kcal, 13 g free amino
acids, 13 g of gelatine

hydrolysate, 62 g
carbohydrates, 7 g lipids)
+ dietitian education to
modify intake to reduce
420 kcal/day to account
for the supplement and

match caloric intake
to controls

Duration: supplements
for at least 6 months,
with a follow up at

12 months

Usual diet. No
supplements

Intervention versus control:
↑MAMC (at 6, 8, 10, 12 months)

↔ TSF no change post-operatively in
both groups (data not reported)
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Table 2. Cont.

Study
Citation,
Country

Study
Design Population Exercise Intervention Dietary Intervention Control

Group

Body Composition Outcomes
↑ = Significantly Increased or Higher
↓ = Significantly Decreased or Lower
↔ = No Significant Difference (Pre/Post

or vs. Control)

Poon et al. [50]
2004

China
RCT

Intervention n = 41
Age 59 (24–84) years

95% male
Control n = 43

Age 59 (27–80) years
90% male.

No BMI, Child Pugh or MELD
reported. Outpatients with

unresectable HCC

NA

BCAA supplement
morning and night (420

kcal, 13 g amino acids, 13
g peptides, 62 g

carbohydrates, 7 g lipids)
+ unrestricted diet unless

HE—protein was
restricted

Duration: 1 week prior to
surgery, up to 12 months

Usual diet
Intervention versus control:
↔Mid-arm circumference

↔ TSF

Sorrentino
et al. [51]

2012
Italy

RCT

Group A: n = 40
Age 64 ± 6.3 years

65% male
Child Pugh Class:

B 28%, C 72%
MELD 12.1 ± 0.7
Group B: n = 40

Age 66 ± 7.5 years
67% male

Child Pugh Class:
B 30%, C 70%

MELD 11.7 ± 0.7
Group C: n = 40

Age: 65 ± 7.6 years
70% male

Child Pugh Class:
B 25%, C 75%

MELD 12.4 ± 0.9
BMI not reported

In/outpatients with
refractory ascites

NA

Group A: Instructed to
consume 1–1.3 g
protein/kg/day,

30–35 kcal/kg/day + low
sodium diet (80

mEq/day) + BCAA
evening snack (210 kcal,

13.5 g protein, 3.5 g fat) +
instructed to adjust

energy intake to account
for BCAA supplement +

post LVP parenteral
nutrition for 24 hrs post

paracentesis during
hospital admission +

Dietitian advice monthly.
Group B: same as group

A without parenteral
nutrition post
paracentesis.

Duration: 12 months,
follow up at 3, 6,

12 months

Group C: Low
sodium diet

(80 mEq /day)
+ Dietitian

advice
monthly

Between group changes:
↓ TSF (Group C versus Group A at 3, 6,

and 12 months and Group C versus
Group B at 6 months only)

↓MAC (Group C versus Group A and
Group B at 6 and 12 months)
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Table 2. Cont.

Study
Citation,
Country

Study
Design Population Exercise Intervention Dietary Intervention Control

Group

Body Composition Outcomes
↑ = Significantly Increased or Higher
↓ = Significantly Decreased or Lower
↔ = No Significant Difference (Pre/Post

or vs. Control)

Tangkijvanich
et al. [57]

2000
Thailand

RCT

Group 1: n = 14
Age: 53 ± 11 years

71% male
BMI 23.7 ± 3.4 kg/m2

Child Pugh score:
5–7: 64%, score 8–15: 36%.

Group 2: n = 15
Age: 53 ± 13 years

80% male
BMI: 25 ± 4.1 kg/m2

Child Pugh score:
5–7: 60%, score 8–15: 40%

Outpatients

NA

Group 1: received
standard diet (40 g

protein/day) + 150 g
BCAA supplement/day
= total of ~2000 kcal/day.

Duration: 4 weeks

Group 2:
standard diet

(80 g
protein/day =
total of ~2000

kcal/day)

Within group changes:
↔MAMC (Group 1 or Group 2)

Okabayashi
et al. [49]

2008
Japan

Non-
randomised

study
with

historical
control
group

Intervention n = 13
Age 66.2 ± 9.1 years

54% male
Child Pugh Class:

A 77%, B 23%
Control n = 28

Age 65.6 ± 8.2 yrs
75% male

Child Pugh Class:
A 82%, B 18%

BMI not reported Outpatients
for HCC surgery

NA

Carbohydrate and BCAA
enriched supplement
morning and night.

(420 kcal, 13 g free amino
acids, 13 g gelatin
hydrolysate, 62 g

carbohydrates, 7 g lipids)
Duration: 2 weeks prior
to surgery and at least

6 months post

Usual
care—no sup-
plementation

Within group changes:
↑MAMC (baseline to 6 months for

intervention, not reported for control)

Kitajima et al.
[59]
2018

Japan

Single
arm inter-
vention
study

Total n = 21
Age 71.3 ± 7.9 years

42% male
BMI 23.9 ± 4.0 kg/m2

Child Pugh Class:
A 48%, B 52%

MELD—not reported
Outpatients with

hypoalbuminaemia

NA

BCAA supplement 3/day
after meals. Dietitian

advised intakes of
25–35 kcal/kg/day and
protein 1–1.4 g/kg/day.
Adherence monitored

monthly.
Duration: 48 weeks

No control

↔ Skeletal muscle index via CT
↔ Intramuscular adipose tissue content

via CT
↔ Subcutaneous fat area via CT
↔ Visceral fat area via CT
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Table 2. Cont.

Study
Citation,
Country

Study
Design Population Exercise Intervention Dietary Intervention Control

Group

Body Composition Outcomes
↑ = Significantly Increased or Higher
↓ = Significantly Decreased or Lower
↔ = No Significant Difference (Pre/Post

or vs. Control)

Putadechakum
et al. [58]

2012
Thailand

Single
arm inter-
vention
study

n = 22
Age 52.9 ± 12.8 years

55% male
BMI 21.4 ± 0.6 kg/m2

Child Pugh Class:
A 63%, B 23%, C 14%

Outpatients with ARLD

NA

20 g protein (soy based)
oral nutrition

supplement daily
(420 kcal, 20 g protein,
65 g CHO, 10.6 g fat) +

regular diet.
Duration: 8 weeks

No control
↑ Lean mass via BIA
↔ Fat mass via BIA

↔ TSF

Exercise only intervention (n = 1 RCT)

Roman et al.
[41]
2016
Spain

RCT

Intervention n = 14 Age
62 ± 2.4 years

71% male
BMI 31.5 ± 1.6 kg/m2

Child Pugh score:
5.4 ± 0.2

MELD 8.2 ± 0.4
Control n = 9

Age 63.1 ± 2.3 years 85% male
BMI 30.3 ± 1.4 kg/m2

Child Pugh score:
5.4 ± 0.2

MELD 9.1 ± 0.4
Outpatients with a previous
episode of decompensation

Supervised exercise
3 days/week, 60 min of

cycle ergometry and
treadmill walking +

5–10 min of upper body
resistance exercise +
10–15 min balance,

coordination, stretching
and relaxation.

Moderate intensity
(60–70%) of max heart rate.

Duration: 12 weeks

NA

Sham
intervention

1 h 3
days/week of
cephalocaudal

muscle
relaxation, and

breathing,
visualisation,

and
concentration

exercises

Within group changes:
↑ Lean appendicular mass via DXA
(intervention compared to baseline,

↔ control)
↑ Lean leg mass via DXA (intervention

compared to baseline,↔ control)
↑ Lean body mass via DXA (intervention

compared to baseline,↔ control)
↓ Fat body mass via DXA (intervention

compared to baseline,↔ control)
↑ Upper thigh circumference

(intervention compared to baseline,
↔ control)

↔ Lower thigh circumference
(intervention or control)

↓Mid-arm circumference and mid-arm
skinfold thickness (intervention

compared to baseline,↔ control)
↓Mid-thigh skinfold thickness

(intervention compared to baseline,
↔ control)

↔MAMC (intervention or control)
Outcome data presented for controlled trials are the between group differences (where reported) and the within group differences if the significance of between group data were not
reported. Data presented as mean SD or median (range/inter-quartile range). RCT: randomised controlled trial, AT: anaerobic threshold, MELD: model for end-stage liver disease, BMI:
body mass index, ARLD: alcohol related liver disease, BCAA: branched-chain amino acid, CT: computed tomography, DXA: dual-energy X-ray absorptiometry, BIA: bio-electrical
impedance analysis, MAMC: mid-arm muscle circumference, TSF: triceps skinfold thickness, MAC: mid arm circumference, HE: hepatic encephalopathy, LVP: large volume paracentesis,
EASL; European Association of the Study of the Liver, NA: not applicable, VO2 max: maximum amount of oxygen your body is able to use during exercise. Child Pugh score [60].
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For most of the included studies, the change in muscle or fat mass was a secondary
outcome, and factors such as muscle strength [29], aerobic/exercise capacity [41,46], sur-
vival [39,47], quality of life [48], portal hypertension [28], hepatic venous pressure [30],
or liver function [49] were primary outcomes. Fourteen studies were combined diet
and exercise interventions [32,33,35–40,42–44,47,52,53], all in outpatient settings. Their
exercise components varied, with most delivering supervised sessions in a clinic set-
ting [32,33,35,36,40,42,43], although one study was supervised by a clinician at the patient’s
home [47] and others were self-directed at home [37–39,44,52,53]. Most exercise was mod-
erate to high intensity for 30–60 min sessions on 1 to 3 days a week and utilised either
aerobic or resistance training, or a combination of these. Otherwise, some self-directed ses-
sions focused on increasing step counts. The dietary component of five of these combined
interventions used a high protein and energy diet [35,36,40,42,44]. Four of those studies pro-
vided the same dietary intervention to the control group, with the only difference between
treatment groups being exercise in the intervention arms [35,36,42,44], while only one study
provided “usual care” to the control participants [40]. Another combined study followed
this style, however providing ‘standard dietary advice’ to both intervention and control
arms, while the intervention arm also received supervised exercise training [43]. Three
other combined studies delivered exercise and diet interventions to both groups, with the
difference being a specific dietary product, either non-alcoholic beer [37], branched-chain
amino acids (BCAAs) [33,39], or beta-hydroxy-beta-methylbutyrate (HMB, a metabolite
from leucine) [38]. Of the three diet and exercise single-arm interventions, two provided
BCAAs, with self-directed exercise [52,53] while the third study in overweight cirrhotic
patients focused on a hypocaloric, moderate protein diet with supervised exercise [32].

Twelve diet-only studies [34,45,48–51,54–59] were included: ten in an outpatient
setting [34,48–50,54–59], one in inpatients [45], and the twelfth commenced in inpatients
with outpatient follow up [51]. Most (n = 9) interventions prescribed a high protein
and energy diet plus oral nutritional supplements either with [48–50,56,57,59] or without
BCAAs [54,55,58]. Out of the three remaining studies, one prescribed a high energy diet
without supplementation [34], one study utilised 3–4 weeks of enteral nutrition follow
by oral supplementation [45], and one study utilised short-term parenteral nutrition in
combination with a high protein and energy diet [51].

One exercise-only intervention met the eligibility criteria. This RCT involved super-
vised aerobic and resistance exercise sessions of moderate intensity for 60 min three times
weekly, versus a relaxation program for the control group of the same frequency and
duration [41].

Across all studies, ten different methodologies were used to measure body composition
(see Table 2). Most combined diet/exercise interventions used guideline-recommended mea-
sures: CT plus DXA and BIA [38], CT plus BIA [46], MRI plus BIA [29], ultrasound [37,41], or
BIA alone [28,30,50]. Two diet-only studies used CT [54] or BIA [53], while the exercise-only
intervention utilised DXA [51]. Anthropometric measures on their own were used predom-
inantly in diet only studies, with the most frequent variables measured being MAMC in
12 (44%) and TSF in 11 (41%) studies. Some other anthropometric measures including calf
and thigh circumference were utilised alongside guideline-recommended measures.

3.2. Quality Assessment

Plots summarising the risk of bias are presented in Figures 2 and 3. For the 19 RCTs,
high risk of bias was most prevalent in domain 4 (bias in the measurement of the outcome),
where assessors were often not blinded to the intervention. Almost all studies were low
risk for domain 1 (randomisation and concealment processes). For domain 2, evaluating
if participants and/or interventionists were blinded to the intervention allocation, the
majority were allocated ‘some concerns’. For the eight non-randomised studies, high risk
of bias was most common in domain 3 (classification of interventions), because five of these
studies were uncontrolled with no group allocations.
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3.3. Outcomes for Combined Diet and Exercise Intervention Studies

From the nine combined diet and exercise RCTs, four showed significant improve-
ments in lean mass measured by CT [39], MRI [40], BIA [36], and quadricep ultrasound [35]
compared to controls. One study also observed significant reductions in fat mass [35].
Three of these four studies had similar interventions of supervised, moderate intensity
exercise (aerobic and/or resistance) on 3 days/week over 8–14 weeks plus targeted protein
intakes above 1.2 g/kg/day through either provision of oral nutrition supplements in
addition to diet, or dietetic counselling [35,37,40]. The intervention of the fourth diet and
exercise RCT [39] that demonstrated an increase in skeletal muscle mass relied on frequent
meals plus BCAA supplementation, with the exercise component being an increase in the
number of daily steps. The participants in the control arm of this study were exposed to the
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same diet and exercise intervention, but received a placebo instead of BCAAs, implicating
these in the improvement in muscle mass.
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A combined diet/exercise RCT [44] which used counselling for self-directed exercise
and a high protein diet with BCAA supplementation demonstrated a significant improve-
ment compared to a diet-only control group in psoas muscle index via CT, but not in any
other measures of muscle/lean mass (CT, MRI, or DXA). While the intervention group
significantly increased daily number of steps compared to the control group, this small
study population (n = 17) may have limited the power to detect change in some measures.
This cohort of transplant candidates also had more advanced liver disease compared to the
other combined interventions.

Four of the remaining diet/exercise RCTs reported significant increases in muscle
mass, however this was only reported within study groups. These four studies used either
supplements in combination with a diet and exercise intervention, (including HMB [38],
non-alcoholic beer [37], or the amino acid leucine—a BCAA [33]); or provided dietetic
counselling adjusted for BMI categories [47]. While two studies indicated good adherence
to the diet and exercise interventions [37,38], the other two did not report adherence [33,47].

Both of the non-randomised combined diet/exercise intervention studies found no
significant changes in lean or fat mass measured via BIA [42] or MAMC [43]. Both these
studies had study population numbers of <40. One had only nine participants complete
the intervention (39% attrition rate), so sample sizes may have been too small to identify
significant changes [43]. The three single-arm combined diet/exercise studies assessed
outpatients with compensated cirrhosis showed mixed results [32,52,53]. An intervention
targeting overweight participants (BMI > 26 kg/m2) with a 16-week program of supervised
exercised with reduced caloric intake observed a significant reduction in fat mass with no
significant change in lean mass [32]. A second single-arm combined intervention targeting
increased step activity and BCAA supplementation reported a significant increase in muscle
volume via BIA, expressed only as change ratio [52]. The final single-arm study reported
no significant changes in skeletal muscle via CT, after 12 months of BCAA supplements
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and prescribed bench step activity [53]. Compliance was not reported, and this study was
limited by a small (n = 6) all-female cohort.

3.4. Outcomes for Diet-Only Intervention Studies

Three of nine diet-only RCTs found a significant increases in lean mass assessed by
MAMC [34,48,56], while another showed a decline in the control group without change in
the intervention cohort [51]. Okabayashi et al. [56] demonstrated an increase in MAMC in
an intervention group using a carbohydrate enriched BCAA supplement over 12 months,
combined with dietary advice to reduce energy intakes to offset the extra energy supplied
with the supplement. The aim was to match dietary energy intakes to the control par-
ticipants who received no supplementation; however, no dietary compliance data were
reported. The second RCT [34] observed an increase in MAMC with a 12-week prescribed
high energy (35–40 kcal/kg/day), low sodium diet compared to usual diet. This was a
two-period cross over trial where two groups followed a prescribed diet and usual diet.
The within-group change data indicated both groups significantly increased MAMC af-
ter the prescribed diet, while MAMC either declined or remained stable with usual diet.
Compliance to the prescribed diet was reportedly high in both groups. The third study
was of hospitalised patients. This study utilised BCAAs versus a maltodextrin supplement
in the control group [48]. Short-term enteral nutrition was also provided in both groups
if hepatic encephalopathy occurred and continued until oral intake was well established.
The BCAA group had a significant within-group increase in MAMC, but not a significant
change compared to controls.

The five remaining RCTs of diet-only interventions mostly assessed lean mass us-
ing MAMC and found no significant changes with the intervention [45,50,54,55,57]. An
RCT [45] of inpatients receiving enteral nutrition for 4 weeks as a component of their
intervention found no significant changes in MAMC or TSF compared to inpatients receiv-
ing a usual hospital diet. A four week diet-only RCT [57] provided an isocaloric diet for
both intervention and controls (2000 kcal and 80 g of protein/day), with the intervention
group receiving BCAA supplementation and a reduced diet to achieve the same energy
and protein intake as the control. Only within-group changes were reported and no diet
compliance data were presented. MAMC did not significantly change in participants
given the BCAA supplement over 12 months compared to usual diet [50]. Average intakes
declined marginally in both groups even though BCAA compliance was satisfactory. A
study in transplant candidates [55] with a MAMC below the 25th percentile also saw no
improvement in this measure following supplementation and dietary counselling until
transplantation, versus dietary counselling alone. The RCT by Hirsch et al. [54]. provided
supplements over 12 months to patients with decompensated cirrhosis. While mean oral
intakes appeared significantly higher in the intervention versus control, there were no
significant changes in MAMC or TSF.

The final diet-only RCT [51] evaluated the effect of three diets in people with decom-
pensated cirrhosis and ascites on lean and fat mass assessed by anthropometry. The first
diet (Group A) prescribed 24 h of parenteral nutrition in addition to a high energy and
protein diet with monthly dietitian advice. Group B received the same diet without par-
enteral nutrition while the third (control) group were prescribed a “sodium free” diet with
dietitian advice. The control group had a significant decline in TSF and MAC compared
to Groups A and B. MAMC was not reported in this study. Unfortunately, the control
group had mean dietary protein and energy (0.6 ± 3 g/kg/day and 25 ± 8 kcal/kg/day
respectively), considerably below guidelines for decompensated cirrhosis [16]. This is likely
the cause for the changes in the control group and highlights the potential negative impact
of a restrictive low sodium diet without a protein or energy prescription in patients with
decompensated cirrhosis.

Three non-randomised or single arm studies of diet-only interventions yielded mixed
results [49,58,59]. One non-randomised study [49] assessed patients who had undergone
surgery for HCC and reported a within-group increase in MAMC after 6 months of BCAA
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supplementation twice daily, using a historical control group who received no supple-
mentation. No MAMC data were reported for the control and MAMC was not compared
between groups. One of the two single-arm diet-only interventions [58] saw a significant
improvement in lean mass via BIA with a soy-based nutritional supplement over 8 weeks
plus usual diet. Dietary intake changes were not reported. Participants had predominantly
Child-Pugh A cirrhosis, allowing a reasonably reliable interpretation of BIA. The final
single-arm diet-only study [59] reported no significant change in skeletal muscle via CT.
The intervention of BCAA supplementation over 48-weeks was said to have 100% adher-
ence to the supplement. Intramuscular adipose tissue was also assessed via CT with no
significant change observed.

3.5. Outcomes for Exercise-Only Interventions

The one exercise-only study [41] was an RCT involving 12 weeks of supervised
moderate intensity aerobic exercise 3 days/week, compared to a “sham intervention” of
relaxation exercises. The exercise group, which reported high attendance rates, significantly
increased lean mass via DXA. Additionally, there was a significant within-group reduction
in fat mass in the intervention group as well as an increase in upper thigh circumference
and reduction in mid-arm circumference. There were no significant changes in the “sham”
group, but comparisons between the active and sham groups were not reported.

4. Discussion

The aim of this systematic review was to assess the impact of diet and/or exercise
interventions on body composition in patients with liver cirrhosis. While published re-
views exist on nutrition and/or exercise interventions in cirrhosis, there are none, to our
knowledge, that reviewed studies which specifically measured body composition across
both diet and exercise interventions. Secondly, this review also sought to determine the
effect of these interventions in patients with cirrhosis and obesity, given the increasing
prevalence of obesity and the risks associated with this [12], versus the potential deleterious
impact of calorie restriction on muscle mass in this population.

Unfortunately, the 27 studies identified for this review were too heterogeneous in
terms of design and outcome measures to allow meta-analysis. Small study size and
failure to report adherence to interventions also impacted data synthesis. Nonetheless,
on systematic review, the combined diet and exercise interventions appeared to show the
greatest potential to increase muscle mass. To demonstrate an increase in muscle mass with
exercise, these interventions needed to be of ≥8 weeks duration and comprise 30–60 min of
moderate intensity supervised exercise (aerobic and/or resistance), on at least 3 days per
week combined with protein intakes of 1.2–2 g/kg/day. In addition, there appeared to be a
benefit to muscle mass from BCAA supplementation [35,36,39,40]. Interestingly, several of
the combined RCTs [35,37–39,44] provided the control group with either a diet or exercise
intervention. Based on these studies it appears that there is a synergistic effect when both
diet and exercise interventions are delivered to increase muscle mass.

Obesity is known to impact patients with cirrhosis as an important contributor
to progression of liver disease. In patients undergoing liver transplant, severe obesity
(BMI > 35 kg/m2) increases the risk of peri-transplant complications and death [61]. The
prevalence of obesity is increasing in the whole population and in patients with advanced
liver disease, and so the impacts of obesity in patients with advanced liver disease are likely
to become increasingly important. A challenge addressing obesity in patients with cirrhosis
is that the catabolic metabolism found in advanced liver disease could potentially result in
significant muscle loss with calorie restriction. Of the 27 studies included in this systematic
review, 19 reported on dry weight BMI, with the mean BMI of patients in 13 of these studies
being in the overweight [33–40] or obese [32,41–44] ranges. Only two studies reported on
changes in fat mass [32,39]. In the RCT by Hernandez-Conde and colleagues [39], the mean
BMI of patients in intervention and control arm were in the overweight range. Although
weight loss was not a specific goal of their study, they showed that a combined intervention
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of diet, exercise, and BCAA supplementation led to a reduction in fat mass while muscle
mass improved. The one study targeting weight loss in overweight and obese patients with
cirrhosis was promising in that it demonstrated a fall in body weight with maintenance
of lean mass after 16-weeks of a combined intervention of exercise with a reduced energy,
moderate protein diet [32].

In relation to the heterogeneity of studies, one issue that impacted the ability to
synthesise the findings of this review was that 10 different methods of assessing body
composition were used across the 27 studies. Current guidelines recommend CT or MRI as
optimal body composition assessment methods, in part because they are less impacted by
the fluid overload and ascites that occur in decompensated cirrhosis than some of the other
methods [16,19]. While CT/MRI are expensive and not always available, they are often
part of standard of care for patients undergoing transplant evaluation to assess hepatic
vasculature or for HCC monitoring. Although these routine measures are not performed
specifically to assess body composition, they can additionally be used to assess muscle and
fat mass; and it is possible for allied health clinicians to perform these analyses [62].

When abdominal CT or MRI are not available, guidelines recommend using DXA
and BIA to assess body composition, on the provision that fluid retention is not an is-
sue [19]; however, this restricts their utility in the group of cirrhotic patients most at risk
of sarcopenia, those with decompensated disease. Muscle mass quantification by DXA
has been shown to correlate with CT in cirrhosis [63]. Ultrasound is promising yet re-
quires further exploration in this population [6,16]. While the accuracy of BIA can be
affected by hydration [21], the use of Phase Angle from BIA may provide a more reliable
assessment of nutritional status in cirrhosis than other BIA modalities [19], with results
comparable to CT [64]. Several studies only utilised MAMC and TSF as outcome measures,
particularly in the diet only interventions. Anthropometry is routinely used in the clinical
assessment of nutritional status. However, the utility in clinical studies is less clear as
these measures suffer in regard to reliability [18], and cannot distinguish small changes
in body composition [7,26]. This makes them less than ideal for studies conducted over
8–12 weeks like a number of the studies reported here. Additional issues with their use
in the studies included in this review were that outcome assessors were frequently not
blinded to intervention arm, or for these very operator dependent measures, that several
assessors may have been involved in the serial measurements. This increases the impact of
interobserver variability on findings. Interestingly, while there is a strong body of evidence
indicating the deleterious effects of sarcopenia in cirrhosis, very few of the included studies
assessed if the patient’s level of baseline muscle mass was indicative of sarcopenia prior
to conducting the intervention. This highlights the need for future studies to evaluate
baseline muscle mass and therefore sarcopenia to understand the true effect of diet and/or
exercise interventions.

An additional issue was that most diet and exercise studies in cirrhosis have small
study populations with body composition measures generally underpowered and as men-
tioned, were often included as secondary outcomes of the studies. Some of the challenges
to increasing participant numbers in studies in this area are the complexities of conduct-
ing lifestyle interventions in a population with advanced liver disease who may be quite
unwell. Another factor which can impact drop-out rates in this population is inclusion
of participants who are potential transplant candidates. In one of the RCTs included in
this review [43], a 6-week exercise intervention was completed in just over half (56%) of
potential liver transplant recipients, and this was largely because of study participants
receiving a liver transplant rather than not adhering to the program. We faced a similar
issue in an 8-week pilot feasibility RCT of exercise in patients on a liver transplant waiting
list [65], only 50% of participants completed the study, largely because participants received
their liver transplant within the study period.

This review also highlighted the sparsity of relevant intervention studies which have
targeted patients with decompensated liver disease. Patients with decompensated disease
are a complex and high-risk population, who are more likely to experience muscle wasting
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and adverse outcomes [6]. Chen et al. [44], is one of the few studies in this review that
included only decompensated cirrhosis patients that used a combined diet and exercise
intervention. This study was small; however, they were able to demonstrate that home-
based exercise is safe in this population. This is promising, and future studies should
focus on these populations to better understand how body composition can be improved
pre-transplant to improve morbidity and mortality.

While this systematic literature review focused on changes in body composition mea-
sured using methodology validated in liver cirrhosis, there are other diet and or exercise
intervention studies that have added value to the management of patients with advanced
liver disease. Several exercise RCTs in patients with cirrhosis have measured aspects of
physical performance including strength, exercise capacity, and/or physical function and
therefore did not meet the inclusion criteria for this review. Measures such as hand grip
strength, anaerobic threshold by cardiopulmonary exercise testing and functional perfor-
mance assessments such as the Short Physical Performance Battery and the Liver Frailty
Index have demonstrated associations with patient outcomes [5,66–68]. They can be useful
as screening tools to identify patients at risk of complications [69] and are recommended
as part of the evaluation of nutritional status in people with cirrhosis [16,19,26]. Consid-
eration should be given to including these measures in future studies that address body
composition alongside functional status.

The field of diet and exercise interventions in patients with cirrhosis is obviously at an
early and evolving stage. An important goal for future studies is to determine the signifi-
cance of modest improvements in body composition both in terms of clinical outcomes,
but also in patient-important outcomes and their quality of life. Given the potential range
and combination of diet and exercise interventions, defining minimal clinically important
differences for muscle and fat mass and thresholds for adverse outcomes patients should
be a goal to facilitate comparisons between interventions.

5. Conclusions

In summary, effective interventions to improve body composition in cirrhosis appear
more likely to succeed if diet and exercise components are combined. There remains a
paucity of studies in patients with cirrhosis and obesity despite the increasing prevalence of
obesity in this population. At present, the evidence supporting diet and exercise approaches
to improve body composition in cirrhosis is impacted by underpowered, short-term in-
terventions. Future research should be directed at appropriately powered combined diet
and exercise RCTs of at least 8 weeks duration. Ideally assessments of changes in muscle
mass, particularly in patients with decompensated cirrhosis should rely on guideline-
recommended methods in this population, specifically CT or MRI. These studies should
ideally be large enough to allow for the potentially high rates of patient drop-out and in-
clude formal assessments of patient adherence to interventions to identify strategies that do
and do not work in this cohort. An important goal for future studies should be to determine
what are clinically meaningful changes in body composition in patients with cirrhosis as
this will facilitate comparison between intervention strategies. These approaches will help
clarify if sarcopenia and sarcopenic obesity are modifiable risk factors in cirrhosis.
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Introduction
Chronic kidney disease (CKD) is a global public health issue
that affects many people around the world. Of the estimated
14.4% of adults in the United States who have CKD, up to
90% are unaware of their disease (U.S. Renal Data System,
2021). A study on 3,713 patients with Stage 3–4 CKD cate-
gorized the sample into four risk levels for renal failure
within 5 years: minimum risk (< 2%), low risk (2%–4%),
moderate risk (5%–14%), and high risk (≥ 15%). The study
concluded that up to 51% of patients in the moderate- and
high-risk populations were unaware of their CKD. Patients
have a much lower awareness of CKD than of diabetes and
hypertension (Chu et al., 2020). However, the onset and pro-
gression of a chronic disease tend to be slow, and patients
with CKD often have one or more concurrent chronic dis-
eases (Elliott et al., 2020). The progression of chronic disease
also affects the mental health of patients. Studies have shown
that up to 75.5% of patients with CKD experience depres-
sion, which in turn compromises their quality of life (QOL;
Kunwar et al., 2020). This emphasizes the importance of ag-
gressive screening and early intervention.

The definition of CKD includes all individuals with an es-
timated glomerular filtration rate (eGFR) < 60 ml/min per
1.73 m2 over a 3-month period, an albumin-to-creatinine ra-
tio≥ 30mg/g, or other markers of kidney damage regardless
of kidney injury status. In those with CKD, the kidneys do
not function properly and treatment, for example, kidney
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ABSTRACT
Background: Chronic kidney disease (CKD) refers to perma-
nent damage to the kidneys that occurs gradually over time.
Further progression may be preventable depending on its
stage.

Purpose: This study was developed to evaluate the effect of a
health literacy education program (HLEP) on mental health and
renal functioning in patients with CKD.

Methods: A single-blind, randomized controlled trial study was
conducted. Data were collected from March 25 to December
18, 2021. Participants were randomly assigned to either the ex-
perimental group (n = 42), which received multidisciplinary care
and HLEP, or the control group (n = 42), which received multi-
disciplinary care only. Data were collected at baseline (T1),
Month 3 (T2), and Month 6 (T3), and the data included patient
characteristics, estimated glomerular filtration rate, and re-
sponses to the Mandarin Multidimensional Health Literacy
Questionnaire and Beck Depression Inventory.

Results:After 6months of the HLEP intervention, the results of
generalized estimating equations analysis showed that, com-
paredwith the control group, the experimental group had signif-
icantly higher health literacy at Month 3 (β = −3.37, 95% CI
[−5.68, −1.06]), significantly improved depression at Month 3
(β = −2.24, 95% CI [−4.11, −0.37]) and Month 6 (β = −4.36,
95%CI [−6.60,−2.12]), and a significantly higher estimated glo-
merular filtration rate at Month 6 (β = 5.87, 95% CI [1.35,
10.38]).

Conclusions/Implications for Practice: The findings of this
study may provide a reference for healthcare providers to edu-
cate patients with Stage 3–4 CKD using the HLEP. Positive ef-
fects on health literacy, depression, and renal function in pa-
tients with Stage 3–4 CKD were observed in the short term.
Findings from this study may facilitate the implementation of
multidisciplinary and nurse-led strategies in primary care to rein-
force patients' health literacy, self-care ability, and adjustment
to CKD as well as delay disease progression.

KEY WORDS:
chronic kidney disease, depression, health literacy,
renal function, self-management health education.
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transplantation, is required to avoid kidney failure (National
Kidney Foundation, 2022). Therefore, delaying CKD pro-
gression is the key focus of medical care. In Taiwan, since
the enactment of theNationalHealth Insurance's Healthcare
and Health Education for Pre-End Stage Renal Disease Pa-
tients Program in 2003, the high-risk population with CKD
(patients in Stages 3b–5) has been subject to case manage-
ment and receives care from a professionalmedical team respon-
sible for assessing each patient's self-care and self-management
abilities. Furthermore, this team follows up on patient health
status to help maintain residual renal function. As part of the
program, the CKD Clinical Practice Guidance recommends
initiation of a low-protein diet (0.6–0.8 g/kg a day) and keto-
genic amino acid treatment for patients with Stage 3 CKD to
reduce kidney damage caused by nitrogenous wastes and de-
lay dialysis or death (Xu, 2015).

Health literacy is a relatively new field of research in the area
of medicine and health. Different age groups require different
health literacy programs to empower them to implement bene-
ficial health behaviors (Quaglio et al., 2017). A systematic re-
view by Sørensen et al. (2012) defined health literacy as the
“knowledge, motivation, and competencies of accessing, un-
derstanding, appraising, and using health-related information
within the healthcare, disease prevention and health promo-
tion setting in daily life to make judgment and decisions in
order to maintain or improve the overall QOL.” Therefore,
health literacy influences self-care efficacy and disease prog-
nosis. Lack of health literacy has been reported in 17.7% of
patients with Stage 1–5 CKD (Schrauben et al., 2020), and
low or absent health literacy has been reported in 22.5% of
patients with Stage 3–4 CKD (Hanpaiboon & Pratoomsoot,
2019).Wei et al. (2017) has evaluated the validity of theMan-
darin Multidimensional Health Literacy Questionnaire
(MMHLQ) on a sample of 2,394 adults in Taiwan, finding
the highest score in the domain of “understanding health in-
formation,” followed by “accessing health information,”
“communication and interaction,” “applying health informa-
tion,” and “appraising health information.” Factors that af-
fect health literacy include age, gender, educational level, mar-
ital status, spouse cohabitation status, family income, CKD
stage, duration of CKD, and number of comorbidities (Y.-C.
Chen et al., 2018; Hanpaiboon& Pratoomsoot, 2019; Wong
et al., 2018). Patients with higher health literacy show better
self-care behaviors (Schrauben et al., 2020).

Patients with CKD tend to experience depression because
they are forced to attend numerous hospital visits and face
complex treatment plans, drug side effects, dietary restric-
tions, and uncontrollable clinical symptoms as their disease
progresses (S. F. V. Wu et al., 2018). The prevalence of de-
pression is related to CKD stage. A meta-analysis of 22 stud-
ies that investigated the correlation between depression and
death in patients with CKD reported an average depression
prevalence of 27.4% in predialysis patients with CKD
(Palmer et al., 2013). Patients with CKD experiencing de-
pression exhibit poor compliance to drug treatment and
poor QOL, resulting in increased utilization of medical

resources and higher rates of morbidity and mortality
(Palmer et al., 2013).

A study conducted by S. F. V.Wu et al. (2018) applied an in-
novative health education program promoting self-management
in a sample of patients with Stage 3b–5 CKD. The program
delivered one 100-minute session per week for 4 weeks, and
the participants were followed up for 3 months. Outcomes
included significantly improved blood urea, nitrogen, and
creatinine; reduced depression; and higher self-efficiency
and self-management. However, the intervention had no effect
on eGFR.Wang et al. (2018) conducted a cross-sectional study
to compare the effect of participation in a comprehensive
healthcare program on self-care behaviors and kidney function
in patients with CKD. The results revealed a slower rate of de-
terioration in kidney function and better self-management be-
haviors in patients participating in the healthcare program.
Machida et al. (2019) studied the effects of a 1-week inpatient
education program on kidney function in patients with Stage
3–5 CKD. The patients were followed from 6 months before
hospitalization to 24 months after discharge. Implementation
of the program delayed kidney function deterioration during
the 2-year observation period, especially in patients with low
proteinuria (urinary protein < 0.5 g/gCr). Thus, the authors rec-
ommended the program be initiated in patients with low pro-
teinuria. A randomized clinical trial conducted by Lin et al.
(2021) investigated patients with Stage 1–3a CKD, with the
study group receiving routine care and health coaching for
6 weeks in addition to 12 months of postintervention follow-
up. The findings indicate health coaching improves QOL,
self-management, patient activation, and self-efficiency.

On the basis of the evidence in the literature, health education
programs are beneficial to patients with CKD. Health literacy
can influence self-care behaviors and renal function in these pa-
tients. However, there is a lack of rigorous research on the im-
pact of health literacy on the psychology of patients with
CKD.Therefore, the aimof this studywas to investigate patients
with Stage 3–4 CKD (the largest group in Taiwan's Pre-End
Stage Renal Disease Patients Program), develop a health literacy
education program (HLEP), and evaluate the effect of this pro-
gram on participants' mental health and renal function. This
study addressed the following research hypotheses:

1. Patients with CKDwho participate in theHLEPwill have in-
creased health literacy compared their nonparticipant peers.

2. Patients with CKD who participate in the HLEP will have
improved depression compared their nonparticipant peers.

3. PatientswithCKDwhoparticipate in theHLEPwill have im-
proved renal function compared their nonparticipant peers.

Methods

Design
The study design was a single-center, two-group, single-blinded,
randomized controlled trial with a repeated-measures design.
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The participants were randomized into either the HLEP with
multidisciplinary care (experimental) group (EG) or themultidis-
ciplinary care (control) group (CG). Block randomization with
1:1 allocation was conducted using a computer-generated se-
quence and was performed by one of the authors not in-
volved in screening, patient recruitment, clinical care, or data
collection using a random number generator. Sequentially
numbered, opaque, sealed envelopes were used to conceal the
sequence until the interventions were assigned at an outpatient
nephrology clinic. Patients were followed for 6 months. Data
were collected before health education (T1) and at 3 months
(T2)and6months (T3)after completionof theHLEP(Figure1).

Setting
The participants in this study were conveniently sampled
from the nephrology outpatient clinic of a 988-bed regional
educational hospital in northern Taiwan.

Participants
Patients whomet the selection criteria were recruited. The in-
clusion criteria were patients aged≥ 20 years who were able

to communicate in Mandarin or Taiwanese, were diagnosed
by a nephrologist with Stage 3 or 4 CKD, and had received
less than 1 year of comprehensive care. The exclusion criteria
included having a cognitive disorder or mental illness (severe
depression, schizophrenia), being on routine hemodialysis,
or current hospitalization.

Sample Size
Following Wang et al. (2018), minimal sample size was cal-
culated using G*Power V3.1 statistical software with eGFR
as the primary efficacy variable (EG: eGFR = 0.072 ± 8.212,
n = 118; CG: eGFR = −2.978 ± 8.680, n = 117). The effect
size was estimated as 0.36, α was set at .05, and power
was set at 0.95. The participants were divided into two
groups with three measurements each. Theminimum sample
size was calculated as 70. Assuming a follow-up loss of 20%,
the final sample size was set as 84 (42 per group).

Experimental Intervention and the

Control Group
The main components of the HLEP are shown in Table 1.
The HLEP included a self-management health education

Figure 1

Research Design Flowchart

Note. T1: demographic characteristics, MandarinMultidimensional Health Literacy Questionnaire (MMHLQ), Beck Depression Inventory-II
(BDI-II), and estimated glomerular filtration rate (eGFR) were collected. T2 and T3: MMHLQ, BDI-II, and eGFR were collected.
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manual and a dietary health education video designed for pa-
tients with Stage 3–4 CKD. The health education manual
was developed by the researchers based on the Health Liter-
acy Concept and Material Preparation Guide (National
Health Insurance Administration, Ministry of Health and
Welfare, Taiwan, ROC, 2020) and frequently asked ques-
tions from patients and family members. The preliminary re-
view focused on the content and format of the draft, with
subsequent revisions made based on comments (Devellis,
2016). Five experts were invited to assess the content valid-
ity, with the content validity index assessed in terms of “ap-
propriateness,” “accuracy,” and “readability” as .98, .88,
and .95, respectively, on a 5-point Likert scale, with an over-
all content validity index of .93. The content of the health ed-
ucation manual was edited based on the experts' comments
to create the final version. In the interests of portability, the
size of the health education manual was designed as
145 mm in length and 210 mm in width with 15 pages. As
most of the participants in this study were older adults, the
dietary principles were presented in video format. To maxi-
mize learning outcomes, an attending physician from the de-
partment of nephrology and one of the researchers person-
ally introduced the dietary principles for patients with Stage
3–4 CKD based on the health education manual.Media pro-
fessionals were hired to produce the video and sound record-
ings using PhotoImpact and Adobe Audition for conversion
toMP3. The video was designedwith aminimum of text and

used simple words, pictures, cartoon figures, large fonts, and
interactive images.

In the EG, members received one-on-one health education
from a study team member with 6 years of experience in kid-
ney disease nursing. The HLEP was delivered using a health
education manual in the nephrology outpatient health educa-
tion classroom. After each session, the participants and their
families watched a health education video and were encour-
aged to ask questions until they fully understood the concepts.
In addition, EG participants were taught how to access the
videos via their smartphones on YouTube or by scanning a
QR code on the cover of the health education manual.

CG participants received routine one-on-one health edu-
cation from a case manager at the participating hospital
who explained the blood analysis results and precautions
and distributed an A4-sized health education leaflet.

Data Collection
Data for this study were collected from March 25 to
December 18, 2021. The data were collected at three time
points: before HLEP implementation (T1) and at 3 months
(T2) and 6 months (T3) after HLEP. For participants who
were illiterate or had difficulty reading and thus not able to
complete the questionnaire independently, a designated staff
member explained the questionnaire and assisted them to
complete it based on their answers. EG participants received

Table 1
Main Contents of the Health Literacy Education Program

Time Main Issue Main Content

Day 1 Chronic kidney disease self-management health
education manual (one-on-one health education:
20 minutes)

▪ Introduction of kidney function
▪ Chronic kidney disease and stage
▪ Importance of regular medication
▪ Importance of regular exercise
▪ Blood pressure control
▪ Dietary principles for Stage 3–4 CKD

Stage 3–4 CKD dietary health education video
(10 minutes)

▪ Low protein, enough calories
▪ Dietary principles of potassium restriction
▪ Low-sodium diet
▪ The strategies of blood sugar control and

glycated hemoglobin (HbA1c)
▪ Prevent hyperlipidemia
▪ Dietary limitation
▪ Examples of three-meal recipes and substitutions,

types of low-protein starches

Week 5, 9, 13, 17, 21 Telephone consultation (5–10 minutes) ▪ Remind patients to watch health education video
per month

▪ Discuss video content and dietary principles
▪ Encourage patients to ask questions

Week 12, 24 Routine outpatient follow-up ▪ Discuss health education content and
blood test value

▪ Clarify patient concerns

Note. CKD = chronic kidney disease.
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multidisciplinary care, participated in the HLEP, and con-
ducted monthly phone discussions with the researcher about
the program's content on the first Monday of each month.
CGparticipants receivedmultidisciplinary care, and their data
were collected at the same time points as EG participants.

Ethical Considerations
This study was approved by the research ethics committee of
National Taiwan University Hospital Hsinchu Branch (Ap-
proval No. 91T-27-0026) before initiation. The investigator
explained the study purpose and procedure to the partici-
pants before they signed informed consent. The participants
were informed they were free towithdraw at any time during
the study and that their withdrawal would not affect their
treatment or cause any negative impact. The study data were
coded and analyzed anonymously.

Instruments

Demographic and disease characteristics
The patient characteristics considered in this study included
age, gender, educational level, marital status, monthly in-
come, CKD stage, chronic disease history, and duration of
treatment in the nephrology department.

Mandarin Multidimensional Health Literacy
Questionnaire
TheMMHLQ developed specifically for adults in Taiwan by
Wei et al. (2017) was used in this study. The 20 items of the
MMHLQ assess health information, health information
comprehension, health information appraisal, health infor-
mation application, communication, and interaction using
a 4-point scale: 1 = very difficult, 2 = difficult, 3 = easy, and
4 = very easy. Total and subscale scores are converted to a
0–50 range using the equation (Mean − 1) � (50/3), with
0–25 indicating insufficient, 25–33 indicating limited,
33–42 indicating sufficient, and 42–50 indicating excellent
level of health literacy. Higher scores on the MMHLQ indi-
cate better health literacy. The internal consistency reliability
analysis revealed good internal consistency (Wei et al., 2017),
with a Cronbach's alpha of .92 in this study.

Beck Depression Inventory
The 21-item Beck Depression Inventory-II (BDI-II) Chinese
version was used in this study to measure depression. Items
are scored on a 4-point Likert scale, with 0 = no, 1 = mild,
2 = moderate, and 3 = severe symptoms. The participant
chooses the statement in each item that best describes how
they felt over the past 2 weeks (including the day of the ex-
amination). The total score ranges between 0 and 63, with
0–13 indicating normal emotion, 14–19 indicating mild de-
pression, 20–28 indicating moderate depression, and 29–63
indicating severe depression. The BDI-II is aligned with the
diagnostic principles of depression in theDiagnostic and Sta-
tistical Manual Disorders, Fourth Edition and thus may be

used to determine depression status. The BDI-II has excellent
validity (H. Y. Chen, 2000), and the internal consistency
Cronbach's α value in this study was .82.

Renal function
In this study, eGFR was used to monitor kidney function.
Data were collected from medical records, and eGFR was
calculated using the Modification of Diet in Renal Disease
simplified equation developed by the Modification of Diet
in Renal Disease Study Group (Levey et al., 2007). The par-
ticipating hospital scheduled visits for the patients every
3 months, and one blood sample was collected based on
the guidelines of the comprehensive care program for kidney
disease. Blood samples were collected from the patient dur-
ing the week before the scheduled visit date.

Data Analysis
IBM SPSS Statistics for Windows 20.0 (IBM Inc., Armonk,
NY, USA) was used for data archiving and statistical analy-
sis, with results presented as frequency, percentage, mean,
and standard deviation. The demographic and disease char-
acteristics were compared between the groups using the w2

test, independent samples t test, and paired samples t test.
The outcome variables, including health literacy, depression,
and eGFR, were compared between the two groups using a
generalized estimating equation with repeated measures.

Results
Eighty-four participants completed the study (0% attrition),
with 42 each in the EG and CG. Age ranged from 30 to
87 years and averaged 65.39 (SD = 11.39) years. No signifi-
cant differences between the two groups were found in terms
of demographic and disease characteristics (Table 2).

As shown in Table 3, no significant differences between
the two groupswere found in terms of health literacy, depres-
sion, or eGFR before the HLEP intervention. The average
MMHLQ score of the participants before health education
was categorized as “limited.” The highest scores for both
groups were reported in the domain of “understanding
health information,” followed by “communication and in-
teraction,” “applying health information,” “appraising
health information,” and “accessing health information.”
In terms of depression, only 16 (19.1%) participants re-
ported depression before the intervention, including 15
(17.9%) with mild and one (1.2%) with severe depression.
There were 31, 10, 0, and 1 participant in the EG and 37,
5, 0, and 0 participants in the CGwith normal, mild, moder-
ate, and severe depression, respectively, with no significant
between-group difference in depression noted (w2 = 10.129,
p = .928). The MMHLQ, depression, and eGFR scores over
time for the two groups are presented in Figure 2, and a sum-
mary of the GEE results forMMHLQ, depression, and eGFR
is shown in Table 4. A model with an exchangeable correla-
tion matrix and model-based estimates of variance was used.
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After adjusting for age and gender, relationships between
health literacy and, respectively, time, group, and Time �
Group interaction were explored. The model showed the time

effect as more significant for T2 and T3 compared with T1.
Trend differences (interactions between time and group) re-
vealed significant differences in health literacy at T2,

Table 2
Homogeneity Test of Demographic and Clinical Characteristics (N = 84)

Variable Overall (N = 84) EG (n = 42) CG (n = 42) x2 p

n % n % n %

Gender 0.66 .588
Female 17 20.2 10 23.8 7 16.7
Male 67 79.8 32 76.2 35 83.3

Age, years 2.30 .512
≤ 64 35 41.7 18 42.9 17 40.5
65–74 33 39.3 16 38.1 17 40.5
≥ 75 16 19.0 8 19.0 8 19.0

Education 2.69 .260 a

High school and below 55 65.5 24 57.1 31 73.8
Junior college 9 10.7 6 14.3 3 7.1
University and above 20 23.8 12 28.6 8 19.1

Marital status 1.40 .433 a

Not married 7 8.3 2 4.8 5 11.9
Married 77 91.7 40 95.2 37 88.1

Monthly income (NT$) 0.75 .119 a

No 43 51.2 17 40.5 26 61.9
≤ 20,000 12 14.3 5 11.9 7 16.6
20,001–39,999 12 14.3 7 16.7 5 11.9
40,000–49,999 4 4.8 4 9.5 0 0.0
50,000–59,999 8 9.5 6 14.3 2 4.8
≥ 60,000 5 5.9 3 7.1 2 4.8

CKD stage 1.93 .381
3a 18 21.4 8 19.0 10 23.8
3b 38 45.2 17 40.4 21 50.0
4 28 33.4 17 40.5 11 26.2

Chronic disease history 1.64 .442 a

1 category 21 25.0 13 31.0 8 19.1
2 categories 36 42.9 17 40.4 19 45.2
≥ 3 categories 27 32.1 12 28.6 15 35.7

Hypertension 0.66 .415 a

No 17 20.2 10 23.8 7 16.7
Yes 67 79.8 32 76.2 35 83.3

Diabetes 1.20 .274
No 39 46.4 22 52.4 17 40.5
Yes 45 53.6 20 47.6 25 59.5

Gout 0.00 1.000
No 54 64.3 27 64.3 27 64.3
Yes 30 35.7 15 35.7 15 35.7

Albumin (g/dl) 17.71 .314
Normal (3.5–5.7) 81 96.4 41 97.6 40 95.2
Abnormal (< 3.5, > 5.7) 3 3.6 1 2.4 2 4.8

Proteinuria (g/dl) 80.00 .447
Normal (≤ 150) 23 27.6 9 21.6 14 33.6
Abnormal (> 150) 61 72.4 33 78.4 28 66.4

Note. EG = experimental group; CG = control group; CKD = chronic kidney disease.
a Fisher's exact test.
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indicating time-dependent growth effects. Trend differences
revealed significant improvements in depression scores for
the EG at T2 and T3, indicating time-dependent growth ef-
fects. In terms of eGFR, the time effect was more significant
at T3 compared with T1. Trend differences revealed a signifi-
cant increase in eGFR for the EG at T3, indicating
time-dependent growth effects. The overall mean eGFR at
pretest (T1) was 35.96 (SD = 11.53) ml/min per 1.73 m2

and, at T3, had increased in the EG from 34.96 ml/min per
1.73 m2 to 38.83 ml/min per 1.73 m2 and decreased in the
CG from 37.16 ml/min per 1.73 m2 to 35.35 ml/min per
1.73 m2.

Discussion
The participant characteristics align with the general popula-
tion with Stage 3–4 CKD in Taiwan, with a predominantly
male (79.8%) and Stage 3 CKD (66.6%) study group, aver-
aging 65.39 years old (SD = 11.39). According to statistics
from the 2016 to 2018 kidney disease in Taiwan annual re-
port, CKD is most prevalent in older adult men, with Stage
3 being the most commonly observed stage (National
Health Research Institutes & Taiwan Social of Nephrology,
2020). The top three concomitant chronic diseases reported
by the participants were hypertension (79.8%), diabetes
(53.0%), and gout (35.7%). The largest percentage (40.5%)
had two concomitant diseases, 32.1% had three, and 25%
had one. These findings are consistent with previous statistical
data on patients with CKD, who frequently report one to two
concomitant chronic diseases (Elliott et al., 2020). According
to the 2020 kidney disease in Taiwan annual report, the top
three concomitant diseases reported in the previous year by
new dialysis patients were hypertension, heart disease, and di-
abetes (National Health Research Institutes & Taiwan Social
of Nephrology, 2020). These data were based on the kidney
biopsy results presented in the kidney disease in Taiwan an-
nual report, in which nephrotic syndrome and proteinuria of
unknown cause accounted for 46.4% of the cases, and

20.2% of acute renal injury was caused by the improper use
of nonsteroidal anti-inflammatory drugs. Nonsteroidal
anti-inflammatory drugs are the most used drugs by patients
with gout (National Health Research Institutes & Taiwan
Social of Nephrology, 2020).

The health literacy of the participants before the interven-
tion was “limited,” which is similar to the result reported by
the National Health Research Forum (2020). Up to 50% of
older patients lack sufficient health information for health
decision making because of an insufficient level of health lit-
eracy. The MMHLQ used in this study returned the highest
score for both groups in the “understanding health informa-
tion” domain, followed by “appraising health information”
and “accessing health information.” Only the “understand-
ing health information” domain achieved a “sufficient”
level, whereas the other domains were “limited.” This find-
ing differs from the results of several previous studies (Wei
et al., 2017; C. L. Wu et al., 2020). Wei et al. reported the
highest mean MMHLQ score in the “understanding health
information” domain, followed by the “accessing health in-
formation,” “communication and interaction,” “applying
health information,” and “appraising health information”
domains. C. L. Wu et al., investigating the health literacy of
458 patients from eight patient support groups, reported
the highest mean MMHLQ score in the “understanding
health information” domain, followed by the “communica-
tion and interaction,” “accessing health information,” “ap-
plying health information,” “understanding health informa-
tion,” and “appraising health information” domains. The
difference in findings may be attributed to differences in
study purposes and samples. Nevertheless, health education
materials and approaches for patients with CKD should em-
phasize these four domains of MMHLQ, with particular fo-
cus given to the health information domain.

Health literacy improved significantly in the EG between
T1 and T2 and remained relatively unchanged between T2
and T3. One possible reason for this outcome is that
65.5% of the participants had an educational level below

Table 3
Homogeneity Test of MMHLQ, Depression, and eGFR (N = 84)

Variable EG (n = 42) CG (n = 42) t p

Mean SD Mean SD

MMHLQ/overall 30.06 5.78 28.06 7.27 −1.40 .166
Accessing health information 25.60 11.55 23.61 12.47 −0.76 .452
Understanding health information 35.12 6.96 34.92 8.73 −0.12 .909
Appraising health information 27.27 6.96 24.70 8.60 −1.51 .135
Applying health information 29.66 7.71 26.69 10.62 −1.47 .145
Communication and interaction 32.64 6.03 30.36 6.39 −1.68 .096

Depression 9.29 6.99 7.12 4.72 −1.67 .100

eGFR (ml/min per 1.73 m2) 34.76 12.69 37.16 10.27 0.88 .384

Note. MMHLQ = Mandarin Multidimensional Health Literacy Questionnaire; eGFR = estimated glomerular filtration rate; EG = experimental group; CG = control
group.
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the college level and were predominantly older individuals
who likely required more time to learn. The level of health
literacy before health education was “limited” for both
groups and had improved to “sufficient” for the EG at T2
and T3 and to “sufficient” for the CG only at T3. The EG
showed a more significant growth trend in health literacy
compared with the CG, indicating that an even longer
follow-up period is necessary to determine the long-term ef-
fects of the intervention.

Before the intervention, only 19.1%of the participants re-
ported experiencing depression, with 17.9% having mild de-
pression and 1.2% having severe depression. This differs
from Loosman et al. (2015), which found a 34% prevalence
of depression among patients with Stage 3b–4 CKD and a
mean eGFR of 20.4 (SD = 6.3) ml/min per 1.73 m2 at base-
line. Their findings suggest that the proportion of patients
with depression rises as renal function declines. The preva-
lence of depression among the participants in this study
was relatively low, which may be explained by most partici-
pants (65.5%) being in Stage 3 CKD and the overall mean
eGFR at baseline being 35.96 ± 11.53 ml/min per 1.73 m2,
indicating better renal function. At T2 and T3, depression
had improved significantly in the EG, which is similar to S.
F. V. Wu et al. (2018), who also employed an innovative
self-management program on a group of patients with Stage
3b–5 CKD. In their study, depression decreased significantly
at 3 months after the intervention, which included individual
health education every 3months during the study period and
a visit and phone interview on the first week of each month.
Regular contact and establishing excellent rapport helped
make subjects feel concern for their physical and mental is-
sues, which further improved their depression.

The participants in this study included 65.5% in Stage 3
and 34.5% in Stage 4 CKD. According to the CKD preva-
lence in adults in a cohort study conducted from 2015 to
2018, 5.8% patients had Stage 3, 0.4% had Stage 4, and
0.1% had Stage 5 CKD, with Stage 3 comprising the highest
proportion (U.S. Renal Data System, 2021). In our study, af-
ter the intervention, eGFR increased consistently with time in
the EG and decreased significantly with time in the CG until
T3, at which time the eGFR was significantly higher in the
EG than the CG. This result supports the recommendations
of S. F. V. Wu et al. (2018). In their study, the EG was en-
rolled in an innovative self-care program, and no significant
improvement was observed in eGFR after 3 months of fol-
low-up. The authors suggested that the follow-up period
should be extended to 6–12 months to better detect the ef-
fect. Wang et al. (2018) reported similar results in their study
investigating patients with Stage 1–5 CKD. In patients re-
ceiving more than 1 year of comprehensive CKD care, the
healthcare program group attained a 2.83-fold higher likeli-
hood of experiencing a slower deterioration of kidney func-
tion than the non-healthcare program group. eGFR in-
creased by 3.87 ml/min per 1.73 m2 on average in the EG
and decreased by 1.81 ml/min per 1.73 m2 on average in
the CG at 6 months after the intervention. On the basis of
their findings, HLEP was deployed in this study to enhance
kidney function.

Limitations of the Study
This study was affected by several limitations. First, recruit-
ment in this study was limited to patients with Stage 3–4
CKD at a single district teaching hospital in northern
Taiwan. Although their characteristics were similar to the

Figure 2

Group Comparisons of Outcomes at Baseline,
Month 3, and Month 6

Note. MMHLQ = Mandarin Multidimensional Health Literacy
Questionnaire; eGFR = estimated glomerular filtration rate.
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general population of patients with Stage 3–4 CKD in
Taiwan, the results may not be generalizable to patients with
CKD nationwide. Future studies should include larger sam-
ple sizes from multiple hospitals with different stages of
CKD. Second, this study followed the patients for a postin-
tervention period of 6 months only, which may not capture
the long-term effects on health literacy of theHLEPprogram.
Therefore, the study period should be extended in future
studies to evaluate long-term efficacy. Third, the participants
in this study were patients who had participated in a multi-
disciplinary care program for less than a year. Future studies
should include patients with no prior multidisciplinary care
program experience to determine the effectiveness of the
self-management health education program on this patient
group. Finally, the study was conducted in a single clinic,
and the intervention and data collection were performed by
the same researcher, which may have introduced a Haw-
thorne effect. To minimize the potential for this bias, future
studies should recruit from multiple clinics and use different
researchers for intervention and data collection tasks.

Conclusions and Implications for Practice
The results of this study indicate the developed HLEP pro-
gram significantly and positively affects the health literacy
of patients with CKD within 3 months of program comple-
tion. Moreover, at 6 months posttest, the severity of depres-
sion decreased and kidney function improved significantly in
the EG. Furthermore, the mean eGFR increased in the EG by
3.87 ml/min per 1.73 m2 at 6 months posttest, whereas
eGFR decreased by 1.81 ml/min per 1.73 m2 in the CG.
These findings suggest the HLEP may be an effective tool
for improving health literacy and clinical outcomes in pa-
tients with CKD. This study may serve as a reference for ne-
phrology case managers responsible for educating patients
with Stage 3–4 CKD using the HLEP. In practice, the HLEP
developed in this study may be accessed by patients at home
on their computer/cellphone or via the provided QR code.
The provided health education manual is small and easy to

carry and may be used as a reference when dining out. Health
education manuals are a more convenient format than tradi-
tional health education leaflets. A good health education tool
can enhance case manager performance, increase patient con-
fidence in controlling their kidney disease, and delay disease
progression. Therefore, this tool is worth considering in prac-
tice. Overall, the results of this study suggest providing tai-
lored health education to patients with Stage 3–4 CKD using
the HLEP can improve health literacy and clinical outcomes
and benefit both patients and healthcare providers.
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Meeting Summary
Mary Ellen Sanders opened the webinar by defining and differentiating the ‘biotic’ family, including 
probiotics, prebiotics, synbiotics, and postbiotics. She discussed the need for improved labels on 
commercial products in the biotics family and emphasised the research gaps in this field Ana Teresa 
Abreu expanded on a specific probiotic, Bacillus clausii, describing the evidence for health benefits 
associated with this bacterium and the potential mechanisms through which it might achieve these 
effects. Finally, Karine Clément discussed the role of the gut microbiome in cardiometabolic disease, 
suggesting that gut microbiota may represent a missing link between the environmental and genetic 
factors that impact these diseases. Clément described the evidence for a dysbiosis of gut microbiota 
in metabolic diseases and posited that a personalised approach to gut microbiome therapy might be 
the best way to leverage this association. 

https://www.emjreviews.com/
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The Science of Probiotics 
and Related Biotics: How to 
Understand and Use Them 

 Mary Ellen Sanders

Mary Ellen Sanders introduced ‘biotics’ as a 
family of four microbiome-targeted substances: 
probiotics, prebiotics, synbiotics, and postbiotics. 
Each type of biotic has the potential to impact the 
resident microbes of a host, which have diverse 
physiological functions, including promotion 
of fat storage and angiogenesis, immune 
development, synthesis of vitamins and amino 
acids, drug metabolism, modification of the 
nervous system, breakdown of food, resistance 
to pathogens, protection against epithelial injury, 
and modulation of bone-mass density.1 

Many human diseases and disorders are 
associated with an altered microbiome, including 
irritable bowel disease, colon cancer, diabetes, 
obesity, rheumatoid arthritis, and liver disease.1–3 
However, Sanders emphasised that it is not yet 
clear whether the altered microbiome is a cause 
or a result of these conditions.1 This raises the 
question of whether restoring the microbiota 
in individuals with these conditions, to match 
that of healthy individuals, would affect the  
condition itself.

Biotics are intended to influence colonising 
microbiota to improve health, but understanding 

of what constitutes a healthy microbiome is still 
quite limited. Sanders explained that rather than 
focusing on the specific microbes present in the 
microbiome, a healthy microbiome may be better 
characterised by a high diversity of taxonomic 
units, high resilience (the ability to recover from 
perturbations such as antibiotic exposure), and 
functional redundancy (more than one ecosystem 
member can perform the same function).4

Sanders feels that although studying the 
microbiome is helpful to understand the 
mechanisms of biotics, the evidence of health 
benefits is more important. For example, 
probiotics have been shown to benefit health 
for various clinical endpoints, across the human 
lifespan, and in different organ systems, such as 
preventing antibiotic-associated or traveller’s 
diarrhoea, treating ulcerative colitis, and reducing 
the incidence of infection gastrointestinal 
disease.2 For most of these benefits, a 
microbiome-mediated mechanism has not been 
demonstrated yet.4

The International Scientific Association for 
Probiotics and Prebiotics (ISAPP) has published 
statements that include clear definition for 
each of member of the biotic family, based on 
consensus panels (Table 1). Importantly, these 
definitions are deliberately broad enough to 
support innovation; they do not restrict these 
substances by host (e.g., human, agricultural 
animals, etc), regulatory category (e.g., food, 

Table 1: ISAPP Definitions of biotic substances.

Definitions are concise; for full understanding, see the full statements. All substances must be safe for their  
intended use.

ISAPP: International Scientific Association for Probiotics and Prebiotics.

Biotic substance Definition

Probiotic Live microorganisms that, when administered in adequate amounts, confer a health 
benefit on the host5

Prebiotic A substrate that is selectively utilised by host microorganisms, conferring a health 
benefit on the host6

Synbiotic A mixture comprising live microorganisms and substrate(s) selectively utilised by host 
microorganisms that confers a health benefit on the host7

Postbiotic Preparation of inanimate microorganisms and/or their components that confers a 
health benefit on the host8
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drug, or supplements), site of action (e.g., gut, 
vaginal tract, skin, etc), or mechanism of action.5-8

Probiotics

A number of different microbes are used as 
probiotics, many of which are members of 
the Lactobacillaceae family or are species of 
Bifidobacterium, Bacillus, or Saccharomyces.9 The 
range of probiotic species is rapidly expanding10 
as more is learnt about the microbes that reside 
in the healthy human body. Sanders emphasised 
the importance of recognising that probiotics 
are a heterogenous group; two products which 
contain the same microbial genus and species but 
differ by microbial strain may differ in function.

To be defined as a probiotic, a substance must  
be a properly identified (both sequenced 
and named). The microbe must be alive 
when administered, and studies need to have 
demonstrated a health benefit for a specific 
target host at the specific dose delivered by 
the product. In addition, the microbial strain 
and manufacturing process must be safe for the 
intended use, and the product must be correctly 
labelled with the strain and colony forming  
units (CFU) expected at the end of its shelf life.5

Ideally, probiotic product labels should detail 
health benefits (supported by evidence), 
suggested serving size, proper storage 
conditions, and contact details for consumer 
information.11 However, a survey of refrigerated 
probiotic foods in grocery stores in the USA 
found that only one-half (22 of 45) of products 
listed the constituent microbial strains. Those 
that did, could be linked to evidence of health 
benefits, tended to contain fewer strains, and 
had a lower CFU per serving compared to other 
products.12 A survey of probiotic supplements 
found similar results: most products could not be 
linked to evidence; 45% did not list constituent 
microbial strains; and 45% did not provide CFU 
at end of shelf life.13 Sanders emphasised that 
similar problems exist outside of the USA.

Neither probiotics nor postbiotics are required 
to target the microbiome directly, whereas 
prebiotics and synbiotics should do so as part 
of their mechanism of action.5–8 Despite these 
distinctions, Sanders explained that there is a 
common belief among both scientists and the 
general public that probiotics have an important 
impact on the gut microbiome. This belief is not 

fully substantiated by the available research data; 
a systematic review of clinical trials showed that 
probiotics did not have a global impact on the 
faecal microbial communities in healthy subjects.14 
Sanders suggested that this does not prove that 
probiotics have no effect; their effects may be 
limited to minor components of the microbiota, 
not evident in faecal samples or in healthy 
subjects, or only evident in the metabolites rather 
than the microbiome composition. However, 
she stressed that the evidence to date indicates 
that the effects of current probiotics on the 
microbiome are likely to be quite subtle.

In summary, Sanders reiterated that the healthy 
gut microbiome has not yet been defined by 
researchers, but that for probiotics, effects on 
the microbiome are probably less important 
than health benefits. There is a clear need for 
improved labels on commercial products in the 
biotics family so that healthcare practitioners 
and consumers know what they are buying, 
and the terms probiotics, prebiotics, synbiotics, 
and postbiotics should only be used when the 
scientifically accepted criteria are met. She 
emphasised the research gaps in this arena, 
including defining a healthy microbiome, 
robust trials to confirm health benefits, and 
identifying the best strains and doses for specific 
applications. Finally, Sanders emphasised that it 
will be important to understand the mechanisms 
that drive the clinical benefits of biotics in order 
to optimise these substances for future use.

Bacillus clausii: Mechanisms 
as Spore Probiotics in 

Gastrointestinal Disorders

Ana Teresa Abreu

Bacillus is one of the most studied bacterial 
genera15 and its species can be found in 
soil, water, food, and in the human gut.16 
These aerobic bacteria can differentiate 
into a dormant endospore, allowing them to 
survive in stomach acid and bile salts in the  
gastrointestinal system.16,17

Most Bacilli are not pathogenic to humans 
or animals, and in the case of B. clausii  
(Figure 1),¹⁸ an endosymbiotic relationship, where 
one organism lives inside the other, between 
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species and their hosts has been suggested.17,19,20 
Four strains of B. clausii are resistant to 
antibiotics, a property considered advantageous 
to restoring a healthy gut, and are named for their 
predominant antibiotic resistance: novobiocin 
and rifampicin (strain N/R), chloramphenicol 
(strain O/C), streptomycin and neomycin (strain 
SIN), and tetracycline (strain T). 19

There are several properties of B. clausii that 
contribute to its probiotic effects:

 > B. clausii spores can survive the hostile 
environment of the gastrointestinal tract and 
multiply to colonise the intestine.21-23

 > The pan-genome of B. clausii (O/C, SIN, N/R, 
T) includes genes involved in carbohydrate 
metabolism,19 and one strain, SKAL 16, has 
been shown to excrete butyrate in in vitro 
conditions.24 Butyrate serves as the major 
energy source for enterocytes, exerts anti-
inflammatory effects, and enhances gut  
barrier function.25

 > The antibiotic resistance genes of B. clausii 
are stable and cannot be transferred to 
other bacteria.26 Many strains of B. clausii are 
recommended for use along with antibiotics, 
and Abreu emphasised that it is important 
for clinicians to match probiotic strains to the 
prescribed antibiotic therapy.

 > Some strains of B. clausii, particularly SIN and 
T, produce the essential vitamin riboflavin 
(vitamin B2) in vitro, suggesting that B. clausii 

has the potential to compensate for host 
deficits in riboflavin that can occur in clinical 
contexts such as chemotherapy.27

 > Bacillus species produce a wide range of 
antimicrobial substances, including lantibiotics 
(post-translationally modified peptides) which 
are active against gram-positive bacteria such 
as Clostridium difficile.20,28 One such lantibiotic, 
clausin, has been isolated from B. clausii 
and interacts with lipid intermediates in the 
bacterial envelope biosynthesis pathways,29 
suggesting that it could help to manipulate the 
constituents of the intestinal microbiota.

Immunomodulation

B. clausii has been shown to have 
immunomodulatory properties in preclinical 
studies. In a human enterocyte model of rotavirus 
infection, B. clausii strains (O/C, SIN, N/R, and T) 
induced the synthesis of bacteriocins, reduced 
enterocyte cell death, and inhibited the release of 
pro-inflammatory cytokines. They also increased 
mucin production and the synthesis of tight 
junction proteins, both important for the integrity 
of the gut mucosal barrier.30 In addition, a small in 
vivo experiment has shown that B. clausii modifies 
the gene expression profile in the intestine in 
patients with mild oesophagitis, including genes 
involved in immunity and inflammation.31 Finally, 
in an animal model of asthma, B. clausii reduced 
the numbers of eosinophils, neutrophils, and 
lymphocytes, and lowered IL-4 and IL-5 levels, 

Figure 1: B. clausii (combined antibiotic resistant strains: O/C, SIN, N/R, T).

N/R: novobiocin and rifampicin; O/C: chloramphenicol; SIN: streptomycin and neomycin; T: tetracycline.
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suggesting a potential use in reducing airway 
inflammation in clinical settings.32 

Abreu explained that one potential mechanism 
for the immunomodulatory capacity of 
probiotic B. clausii strains could be the 
expression of extracellular compounds and/or 
immunostimulation via the cell wall. In murine 
cell lines, B. clausii MTC 8326 was shown to 
activate metabolic activity and innate immune 
responses in macrophages,33 and B. clausii (O/C, 
N/R, SIN, and T) was also shown to stimulate 
the production of nitrite in peritoneal cells, IFN-γ 
in spleen cells, and CD4+ T-cell proliferation.20 
One route through which B. clausii may induce 
these immunomodulatory effects is through the 
secretion of lipoteichoic acid.34

Gut Homeostasis

Other studies have suggested that B. clausii 
contributes to gut homeostasis. In an in vitro 
simulation of the human gastrointestinal tract, B. 
clausii SC 109 spores (along with other probiotic 
bacteria and prebiotic ingredients) were shown 
to increase microbiome production of butyrate, 
and the overall diversity of gut microbiota.35 The 
presence of B. clausii in patients with pancreatic 
adenocarcinoma has been associated with 
longer survival times,36 and treatment with 
B.  clausii UBBC07 has been shown to reduce 
serum urea levels in rats with acetaminophen-
induced renal failure, suggesting a novel clinical  
use for probiotics in chronic kidney disease.37

Antimicrobial Properties

Abreu explained that B. clausii can produce 
antimicrobial peptides, including lantibiotics, 
that inhibit the growth of pathogenic bacteria in 
vitro.20 This characteristic means that probiotics 
can be supportive when delivered alongside 
antibiotic therapy. B. clausii (O/C, N/R, SIN, and 
T) appears to be protective during Escherichia 
coli infection in mice, increasing protective mucus 
secretion and resulting in minimal mucosal 
damage and less sloughing of villus tips.38,39

Infection with C. difficile can result in symptoms 
ranging from diarrhoea to pseudomembranous 
colitis,40 and infection with B. cereus can cause 
vomiting, diarrhoea, and haemorrhage.41 B. clausii 
strain O/C has been shown to secrete a serine 
protease capable of inhibiting the cytotoxic 
effects of both C. difficile and B. cereus in vitro.41

Abreau explained that B. clausii has been 
efficaciously and safely used in humans for 
several decades. For example, in patients 
with dietary endotoxemia, believed to be 
caused by disruptions in gut permeability, 
administration of probiotic strains including  
B. clausii was associated with a 42% reduction in  
post-prandial serum endotoxin and reductions 
in pro-inflammatory markers.42 In patients 
with recurrent aphthous stomatitis, a disease 
of the oral mucosa that results in ulcers and 
pain, local adjunct application of B. clausii, 
alongside glucocorticoid treatment, reduced 
oral pain and ulcer severity compared to  
glucocorticoid alone.43 

In summary, Abreu reiterated that 
the physiological, antimicrobial, and 
immunomodulatory properties of B. clausii 
have been demonstrated both in vitro and 
in vivo; and antimicrobial activity against 
enteropathogens such as C. difficile and  
B. cereus has been demonstrated, providing one 
potential mode of action for the efficacy of this 
probiotic in gastrointestinal disorders. Further 
clinical studies using specific strains in targeted 
medical conditions are needed to validate these 
findings, and to increase the scientific credibility  
of B. clausii.

Gut Microbiota in 
Cardiometabolic Diseases

Karine Clément

Clément began by emphasising that there is  a 
heavy societal burden from cardiometabolic 
and nutrition-related diseases and that the gut 
microbiota can be considered a ‘super-integrator’ 
for many of the risk factors for mortality.44

Obesity, the fourth highest risk factor for 
mortality in Western Europe,44 is associated 
with altered inter-organ cross-talk involving the 
intestinal tract, brain, adipose tissue, muscles, 
and others (PRIEST 2019). In the adipose 
tissue, obesity is connected to perturbed 
endocrine secretions, immune or inflammatory 
imbalances, altered angiogenesis, organelle 
dysfunction, altered extracellular matrix, and 
adipocyte hypertrophy.45–47 The development 
of obesity involves the pathogenic remodelling 
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of white adipose tissue, which may lead to the 
development of obesity-related cardiometabolic 
disease and compromised response to obesity 
treatment.48 There is substantial heterogeneity 
in the clinical trajectory of subjects with obesity 
and their weight loss responses, for which 
gut microbiota-derived elements may be 
contributing factors.49 

Clément explained that the role of the gut 
microbiota genomes in host biology should 
be considered: while it is accepted that both 
environmental and genetic factors play a role 
in the development of metabolic disease, gut 
microbiota may represent the missing link 
between them.

The key functions of the gut microbiota are in 
the digestion of food and the production of 
metabolites, the development and integrity of 
intestinal structure, immune system development, 
metabolism of toxic compounds, and synthesis 
of vitamins K and B.50 However, several studies 
have suggested that gut microbiota also play 
a role in energy balance and our capacity to 
store fat. Clément described ground-breaking  
pre-clinical experiments that showed that  
germ-free rodents have decreased adiposity 
and are resistant to diet-induced weight gain, 
compared to conventionally raised rodents.51 
In addition, transplanting gut microbiota from 

mouse models of obesity into germ-free mice can 
partially transfer the obesity phenotype.51 Similar 
experiments have been conducted to transfer 
microbiota from humans to mice, and these have 
shown that the receipt of gut microbiota from an 
obese human can result in increased adiposity in 
a mouse, even when a healthy diet is followed. 
In parallel, the receipt of gut microbiota from a 
lean individual (a twin of the obese individual) 
results in a lean mouse when a healthy diet is 
followed52,53 (Figure 2).

Clément then discussed the importance of 
diversity in the gut microbiome in healthy 
individuals. Subjects living in westernised 
countries such as the USA have been shown to 
have a lower diversity of gut microbiota from 
an early age, compared to populations that are 
more isolated or live with an ancestral mode, such 
as Malawians or Amerindians.54 Some studies 
have attempted to stratify individuals by their 
microbiotic gene richness. Across these studies, 
20–30% of subjects were considered to have low 
gene richness, and this group was characterised 
by increased overall adiposity, dysmetabolism, 
and a more pronounced inflammatory 
phenotype than individuals with high gene 
richness.55,56 Approximately 75% of patients with 
severe obesity (candidates for bariatric surgery) 
can be classified as having low gene richness. 

Figure 2: The protective role of gut microbiota from a lean donor in the presence of a healthy diet. 

Reproduced with permission, Walker and Parkhill.52
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This is important because a low gene count is 
associated with enrichment of pro-inflammatory 
bacteria, whereas a high gene count is associated 
with enrichment of anti-inflammatory bacteria.55

One of the important characteristics of ‘healthy’ 
gut microbiota is the production of short-chain 
fatty acids (SCFAs), including butyrate.6,8,25,57 
SCFAs act on enterocytes to stimulate the 
production of certain hormones, improving insulin 
sensitivity and glucose tolerance and modifying 
lipid metabolism.8,25 Clément emphasised that 
there is considerable research effort focused on 
understanding the imbalance between the gut 
microbiota in healthy individuals and those with 
disease. Gut microbiota may also contribute to 
the health of the intestinal barrier in metabolic 
diseases.58 For example, studies have shown 
that modification of the gut microbiota affects  
the thickness of the mucus barrier.58 

The effects of gut microbiota on the host can be 
classified as metabolism-independent pathways, 
driven by components of the bacterial membrane 
such as lipopolysaccharide or peptidoglycan and 
impacting low-grade inflammation processes 
or modifying host biology; or metabolism-
dependent pathways driven by microbial 
metabolites such as imidazole propionate, SCFAs, 
secondary bile acids, or trimethylamine. 59,60 

Clément described several studies that have 
attempted to stratify gut microbiomes into 
groups based on their genome. In a European 
study, Arumugam et al., described three distinct 
clusters of microbiomes, termed enterotypes, 
each characterised by a dominant gut microbial 
species: Type 1, enriched in Bacteroides; Type 
2, enriched in Prevotella; and Type 3, enriched 
in Ruminococcus.61 Subsequent studies have 
identified a subset of the Type 2 microbiome 
with a low proportion of Faecalibacterium and 
low microbial cell density, named Bact2, which 
is more prevalent in patients with inflammatory 
bowel disease versus the general population 
(78% versus 13%, respectively).62 The prevalence 
of Bact2 also correlates with higher BMI and 
with low-grade systemic inflammation in the 
MetaCardis European cohort.63 

Clément explained that interventions to increase 
microbial diversity, increase beneficial microbes, 

and change metabolite concentrations are 
intended to improve metabolism and the immune 
response, potentially reducing the burden of 
complications. Potential mechanisms to modify 
the gut microbiome include dietary changes, 
selective enrichment of gut bacteria, faecal 
transplant, and bariatric surgery.

One example of such an intervention is  
diet-induced weight loss in patients with obesity 
or overweight, which improved gut microbiotic 
diversity and clinical phenotypes in patients with 
a low microbial gene count at baseline.56 Bariatric 
surgery also appears to increase microbial gene 
richness one-year post-surgery.63 Administration 
of Akkermansia muciniphila to mouse models 
of obesity or Type 2 diabetes resulted in a 
reduction in fat mass, insulin resistance, and 
low-grade inflammation,64 and A. muciniphila is 
associated with healthier metabolic status and 
greater insulin sensitivity in human subjects with 
obesity or overweight.65 Finally, a study of faecal 
transfer from healthy individuals to patients 
with obesity and metabolic syndrome showed 
an improvement in insulin sensitivity, however, 
the effect was transient and mainly observed 
in patients with a low gut microbiota diversity  
at baseline.66

Clément concluded that there is evidence for a 
dysbiosis of gut microbiota in metabolic diseases, 
and that a personalised approach to the gut 
microbiome may be the best way to leverage this 
association. However, she stressed that further 
research is needed as the links between the 
changes in the gut microbiota and the expected 
clinical effects have yet to be fully elucidated.

Summary
In summary, the evidence to date supports the 
hypothesis that both probiotics and the gut 
microbiome have an impact on the health of 
humans and other animals. However, though 
potential mechanisms of action have been 
suggested experimentally, further research 
including well-designed trials is needed to fully 
understand how probiotics manipulate the gut 
microbiota to benefit the host.

MAT-GLB-2104926
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