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ORIGINAL RESEARCH ARTICLE

et al (2) reported that from 2011 to 2014 there were 60,000 
reported deaths due to PrI. PrI management is also expen-
sive: Management of hospital-acquired PrI (HAPI) alone has 
been reported to cost US healthcare over $26 billion annually 
(3). Management costs for community-acquired PrI have yet 
to be determined but may be presumed to be at least $8 bil-
lion (30% of HAPI costs).

Spinal cord injury (SCI) is defined as damage to any part 
of the spinal cord or nerves at the end of the spinal canal. 
Traumatic SCI occurs suddenly due to a blow or cut to the 
spine, such as can occur in a motor vehicle accident or fall. SCI 
often leads to permanent loss of strength, sensation, and fun-
ction below the site of the injury. A complete SCI will result in 
total loss of all motor and sensory function below the level of 
injury, while with an incomplete SCI there can be some sen-
sory and/or motor function retained. During the acute and 
subacute stages following injury, there can be some neuro-
recovery. Once neurorecovery has plateaued, the condition 
is considered to be chronic SCI (4). This is most commonly 
considered to be 1 year following traumatic injury. 

Exploring adipogenic and myogenic circulatory 
biomarkers of recurrent pressure injury risk for  
persons with spinal cord injury
Kath M. Bogie1,2, Katelyn Schwartz2, Youjin Li3, Shengxuan Wang3, Wei Dai3, Jiayang Sun4

1Case Western Reserve University, Departments of Orthopaedics and Biomedical Engineering, Cleveland, Ohio - USA
2Louis Stokes Cleveland Veterans Affairs Medical Center (LSCVAMC), Research Service, Cleveland, Ohio - USA
3Case Western Reserve University, Department of Population & Quantitative Health Sciences, Cleveland, Ohio - USA
4Department of Statistics, George Mason University, Fairfax, Virginia - USA 

ABSTRACT
Purpose: To investigate linkages between circulatory adipogenic and myogenic biomarkers, gluteal intramuscular 
adipose tissue (IMAT), and pressure injury (PrI) history following spinal cord injury (SCI).
Methods: This is an observational repeated-measures study of 30 individuals with SCI. Whole blood was col-
lected regularly over 2-3 years. Circulatory adipogenic and myogenic gene expression was determined. IMAT was 
defined as above/below 15% (IMATd) or percentage (IMAT%). PrI history was defined as recurrent PrI (RPrI) or PrI 
number (nPrI). Model development used R packages (version 3.5.1). Univariate analysis screened for discriminat-
ing genes for downstream multivariate and combined models of averaged and longitudinal data for binary (RPrI/
IMATd) and finer scales (nPrI/IMAT%). 
Results: For adipogenesis, Krüppel-like factor 4 was the top RPrI predictor together with resistin and cyclin D1, 
and sirtuin 2 was the top IMAT predictor. For myogenesis, the top RPrI predictor was dysferlin 2B, and pyruvate 
dehydrogenase kinase-4 was the top IMAT predictor together with dystrophin.
Conclusion: Circulatory adipogenic and myogenic biomarkers have statistically significant relationships with PrI 
history and IMAT for persons with SCI. Biomarkers of interest may act synergistically or additively. Variable impor-
tance rankings can reveal nonlinear correlations among the predictors. Biomarkers of interest may act synergisti-
cally or additively, thus multiple genes may need to be included for prediction with finer distinction.
Keywords: Adipogenesis genes, Circulatory biomarkers, Myogenesis genes, Recurrent pressure injury, Spinal cord 
injury

Introduction

Pressure injuries (PrIs) are defined as localized damage to 
skin and underlying soft tissue that develops due to intense 
and/or prolonged pressure or pressure combined with shea-
ring (1). PrI can present as intact skin or as open ulcers and 
can take months or years to heal once developed. Deve-
lopment and/or recurrence of a PrI limits activities of daily 
living, often leading to hospitalization and even death. Padula 
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Persons with SCI remain at risk for PrI development throu-
ghout their lifetime and often develop community-acquired 
PrI. PrI remain one of the most devastating secondary com-
plications for persons living with SCI. It remains unclear why 
some persons with SCI suffer from a continuous cycle of 
recurring PrI, while others remain PrI free.

The National Pressure Injury Advisory Panel has recogni-
zed that some PrI might be unavoidable due to complex and 
systemic intrinsic factors (5). In response to these intrinsic 
factors, biomarkers that signal tissue health status are rele-
ased into circulation. Circulatory messenger ribonucleic acid 
(mRNA) biomarkers related to fatty metabolism, which are 
valuable risk indicators for PrI risk, have previously been 
reported (6). Factors that regulate and control downstream 
biomarker production related to fatty metabolism, specifi-
cally adipogenesis and myogenesis, are thus of interest for 
determining the risk of developing recurrent PrI (RPrI). 

The study objective was to evaluate relationships 
between circulatory adipogenic and myogenic biomarkers, 
PrI history, and muscle composition, in persons with chronic 
SCI, by secondary analysis of preexisting blood samples.

Methods

A repeated-measures study design was employed. Indi-
viduals with complete or incomplete SCI were recruited: 
Exclusion criteria included having an open pelvic region PrI 
and presence of a systemic disease. A comprehensive demo-
graphic profile was obtained at enrolment. Whole blood 
samples were obtained every 6 to 12 months over 2-3 years. 
The study was carried out at a tertiary care facility. All clini-
cal study activities were reviewed and approved by the local 

Institutional Review Board and by the US Army Human Rese-
arch Protection Office.

Blood sample collection

Whole blood samples were collected for quantitative 
reverse transcription polymerase chain reaction (RT-qPCR) 
analysis. Samples were frozen immediately in a −80°C freezer 
prior to further processing. Samples from participants who 
met the eligibility criteria of either having no PrI history or 
having a history of RPrI were selected for secondary analysis 
focused on circulatory adipogenic and myogenic biomarkers 
(Fig. 1).

RT-qPCR analysis

RNA was extracted from whole blood samples using QIA-
zol Lysis reagent and the Qiagen Mini Kit (Qiagen, Valencia, 
CA) following the RNA extraction protocol provided in each 
kit. Immediately following completion of RNA isolation, 
sample concentration was measured using the NanoDrop 
ND-2000. Sample yields between 25 and 200 ng/μL of RNA 
and A260:A280 ratios between 1.8 and 2.0 were used for fur-
ther processing. RNA Integrity Number (RIN) was determined 
using fluorometric quantification (Qubit, Fisher Scientific Sin-
gapore) and confirmed using the Agilent Bioanalyzer. Verifi-
cation of 18S and 28S ribosomal RNA integrity was analyzed 
by agarose gel electrophoresis and Agilent Bioanalyzer elec-
tropherograms.

The thermocycler was used for complementary deoxyri-
bonucleic acid (cDNA) synthesis; 200 ng RNA from each sam-
ple was mixed with Buffer GE and nuclease-free water from 

Participants with blood samples 
available

N = 39

Eligible participants
N = 30

Ineligible participants N = 9

Blood sample passed quality control 
N = 12

Participants with no PrI history
N = 12

RT-qPCR Analysis of blood sample
N = 12

Participants with history of recurrent PrI
N = 18

Blood sample passed quality control 
N = 18

RT-qPCR Analysis of blood sample
N = 18

Fig. 1 - Observational study: flow 
chart for secondary analysis of 
blood samples for model deve-
lopment
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the Qiagen RT2 First Strand kit (Qiagen, Valencia, CA). At stage 
2, the RT mix (Qiagen, RT2 First Strand Kit, Valencia, CA) was 
added to the RNA solution and the sample was left to run for 
the remaining stages. Nuclease-free water (Qiagen, RT2 First 
Strand Kit, Valencia, CA) was added after cDNA synthesis was 
completed. The cDNA was mixed with nuclease-free water 
(Qiagen, Valencia, CA) and SYBR Green ROX qPCR Master Mix 
(Qiagen, Valencia, CA) based on the Qiagen RT2 Profiler PCR 
array handbook. Commercially available custom RT2 Profiler 
PCR array plates (PAHS-049ZA and PAHS-099ZA) were emplo-
yed to determine expression of over 100 genes involved in 
adipogenesis and myogenesis.

RT-qPCR analysis was run using a 96-fast plate SYBR 
Green qPCR protocol on an ABI ViiA7 platform (Applied Biosy-
stems, Foster City, CA, USA) by the standard curve method. 
Each well contained 25 μL total reaction volume. The pro-
tocol included 1 cycle for 10 minutes at 95°C to activate the 
HotStart DNA Taq Polymerase followed by 40 cycles of 2-step 
RT-qPCR, including 15 seconds at 95°C and 1 minute at 60°C 
where fluorescence data collection was performed. Ramp 
rates were adjusted to 1°C/s. Lastly, a 1-cycle melting curve 
verified RT-qPCR specificity according to the RT2 Profiler PCR 
array handbook. 

Raw Ct (cycle threshold) values were loaded into qbase+ 
software (BioGazelle, Zwijnaarde, Belgium) to compute Cali-
brated Normalized Relative Quantities (CNRQ) for further 
data analysis. Inhibition testing used RT control and positive 
PCR control wells on the custom array plates. Ct values across 
all PCR array runs were analyzed for sufficient quality by the 
value of the CT

PPC wells of 20±2. Values outside this threshold 
were eliminated from analysis. General DNA contamination 
was observed by analyzing the raw Ct values of the human 
genomic DNA contamination (HGDC) well on each plate and 
eliminating sample runs with values less than 35 Ct in the 
HGDC well. A control Ct value less than 35 indicated the pre-
sence of detectable genomic DNA contamination as recom-
mended by the Qiagen RT2 Profiler PCR array handbook.

References genes (beta-2-microglobulin, actin, hypo-
xanthine phosphoribosyltransferase-1, and large riboso-
mal protein P0) were included in custom plate arrays from 
Qiagen. Normalization methods were automated through 
qbase+ software. 

Gluteal intramuscular adipose tissue (IMAT) content was 
determined following a previously developed standardized 
protocol (7).

Demographics

Repeated evaluations were completed for 30 participants 
with complete or incomplete SCI. Study participants had 
either a history of multiple PrI (Group I) or no history of PrI 
(Group II). Study groups were comparable with respect to 
standard demographic measures as shown in Table I. 

Statistical methods

As with most studies using multivariate PCR arrays, not 
all genes were present for all samples. Merely deleting any 
gene (the column variable) or any observation (the row 

variable) with any missing values would both eliminate too 
many observations and lead to a biased sample, since there 
is a low detection limit (LDL) for each gene. In the current 
study, genes with more than 70% missing were excluded 
from all analysis. To overcome the LDL issue, missing values 
for the remaining genes were imputed before a downstream 
analysis and the missing information directly incorporated 
in the next stage analysis. The imputed values were deter-
mined to be an estimated conditional mean of gene expres-
sion, given that the expression is known to be smaller than 
the detection limit defined by qbase+, or a scaled minimum 
observed value, as suggested by Nie et al (8). The minimum 
observed values of normalized expressions were negative if 
gene activity was less than the normalization factors. We exa-
mined the effect of imputation by the conditional mean, and 
1, √2, and 2 times the minimum observed. It was found that 
each approach gave similar results. Hence, the results using 
√2 as the scaling factor are presented. 

Comprehensive analyses were carried out on data with 
longitudinal repeated measures and on data averaged over 
time to find the factors that influence Prl outcomes. Mea-
ningful outcomes were defined as the number of Prl (nPrl) 
and the percent of IMAT (IMAT%) since IMAT has been found 
to be a major risk factor for Prl in earlier analysis (7,9). The 
dichotomized versions of these two outcomes were “with 
or without pressure injury” (RPrl) and “below or above 15% 
IMAT” (IMATd). 

Data analyses were performed using statistical software 
program R (version 3.5.1) with packages rpart (for tree-based 
modeling), lme4 (for linear mixed effects modeling), gee-
pack (for Generalized Estimating Equation [GEE] modeling), 
glmnet (for least absolute shrinkage and selection operator 
[LASSO] on generalized linear models), and glmmLasso (for 

TABLE I - Study participant demographics

Group I  
PrI

Group II  
No PrI

N 29 18 12

Age at injury
Range 22-75 22-71

Mean 46.3 50.2

Age at study
Range 33-81 30-74

Mean 57.5 57.6

Sex
Male 16 89% 11 92%

Female 2 11% 1 8%

Duration  
of injury

Range 9 mo-46 y 1 mo–34 y

Mean 13.8 y 7.5 y

Neurological 
level

Above T6 12 67% 9 75%

Below T6 6 33% 3 25%

ASIA Level
Complete (AIS = A) 7 39% 2 17%

Incomplete 
(AIS = B,C,D)

11 61% 10 83%

AIS = American Spinal Injury Association Impairment Scale; PrI = pressure 
injury.
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LASSO on generalized linear mixed models). Due to the large 
number of genes relative to the number of subjects (large p 
problem), our comprehensive analyses included univariate, 
multivariate, and combined analyses.

Univariate analyses

Each gene was examined to see if it was discriminated 
between the dichotomized outcomes of interest, specifically 
RPrI and IMATd. The statistical methods for group compari-
sons are given below:

Group comparison via confidence interval on data averaged 
over time

For each gene, the t- and bootstrap confidence intervals 
(CIs) of each group mean were used to check the CI overlap 
for contrasting groups. The absence of any overlap approxi-
mated a significant group mean difference at 0.05, based on 
the CI levels recommended by Payton et al (10).

Group comparison via survival models

Gene expression data can be considered as left-censored 
data, that is, values below the detection limit are censored. 
Thus, survival models were applied treating data without 
missing values as an event and data with missing values as 
censored. In this case, “longer survival time” is equivalent to 
higher gene expression values. Both a parametric procedure 
based on the log-normal distribution and the Kaplan–Meier, 
a nonparametric survival analysis procedure, were used to 
check group differences based on RPrI and IMATd for each 
gene. 

Variable importance rankings from the parametric model 
are presented for important adipogenesis (Tab. II) and myo-
genesis genes (Tab. III). Genes selected by this prescreening 
procedure were then included for downstream analyses 
using multivariate and combined approaches.

Multivariate analyses

Tree-based models and penalized regression procedures 
using LASSO are suitable for finding important factors for 
large-p data. For averaged data over time, tree-based models 
on dichotomized RPrI and IMATd including all eligible genes 
were first performed. Tree-based models handle missing 
values by using surrogates. The variable importance ranking 
from these models is indicative of the candidate genes for 
the final modeling. 

LASSO preforms variable selection and prediction from 
a complex dataset simultaneously. Two LASSO R packages 
were used: glmnet for averaged data and glmmLasso for lon-
gitudinal data with a random intercept. Variables of interest 
were also analyzed on the finer scale. Poisson regression was 
applied to nPrI. Gaussian regression was applied to the logit 
transformed IMAT%. 

For averaged data, the penalization level was set by 
both fivefold cross-validation (CV) and minimizing the Baye-
sian information criterion (BIC). For longitudinal data the 

TABLE II -  Binary outcomes: variable importance ranking for adipo-
genesis genes

Gene name Standard  
abbreviation

Ranking

(a) RPrI as outcome

IMAT% 6.01

Kruppel-like factor 4 KLF4 3.21

Retinoblastoma 1 RB1 2.25

Cyclin-dependent kinase inhibitor 1A CDKN1A 1.50

Fatty acid synthase FASN 1.50

Insulin receptor substrate 2 IRS2 1.50

Lamin A/C LMNA 1.50

(b) IMATd as outcome

Sirtuin 2 SIRT2 4.80

Complement factor D (adipsin) CFD 2.40

Cyclin-dependent kinase inhibitor 1B CDKN1B 1.92

Insulin receptor substrate 2 IRS2 1.92

Sterol regulatory element binding 
transcription factor 1

SREBF1 1.92

Tafazzin TAZ 1.92

IMATd = below or above 15% intramuscular adipose tissue; RPrI = recurrent 
pressure injury.

TABLE III -  Binary outcomes: variable importance ranking for myo-
genic genes

Gene name Standard 
abbreviation

Ranking

(a) RPrI as outcome

IMAT% 6.01

Dysferlin 2B DYSF2B 2.76

Mitogen-activated protein kinase 1 MAPK1 2.76

Lamin A/C LMNA 2.25

Calpain 3 CAPN3 1.88

AKT serine/threonine kinase 1 AKT1 1.50

Mitogen-activated protein kinase 14 MAPK 14 1.50

Caspase 3, apoptosis related CASP3AR 1.26

Adrenoceptor beta 2 ADRB2 1.26

Myocyte enhancer factor 2C MEF2C 1.26

(b) IMATd as outcome 

Pyruvate dehydrogenase kinase 4 PDK4 5.09

Lamin A/C LMNA 2.78

Matrix metallopeptidase 9 MMP9 2.78

Transforming growth factor beta 1 TGFB1 2.78

Ribosomal protein S6 kinase, 
polypeptide 1

RPS6KA1 2.31

Utrophin UTRN 2.31

IMATd = below or above 15% intramuscular adipose tissue; RPrI = recurrent 
pressure injury.
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penalization level was set only by minimizing BIC due to high 
computational cost in using CV. 

GEEs using the selected genes from longitudinal LASSO 
were also fit to serve as a complementary “sanity check” for 
the effects of the selected genes. As above, a possibly signifi-
cant effect was defined as having a p< 0.05. A marginal effect 
was defined as having a p>0.05 but <0.10.

Regression combining the results from univariate and  
multivariate analyses

Genes found to be important from either the univariate 
analyses or one of the multivariate analyses were selected 
into a preliminary candidate set. A further combined analysis 
was then conducted using generalized linear mixed models 
to evaluate the feasibility of a more parsimonious model. 
Three candidate analysis procedures/models were applied 
(Tree, GLMM LASSO, and combined GLMM) using both binary 
(RPrI/IMATd) and finer scales (nPrI/IMAT%) on averaged data 
and longitudinal data with a random intercept. All the repor-
ted Poisson GLMM models passed the “over-dispersion” test. 

Results

Following SCI, there is a loss of muscle mass and changes 
in muscle fiber type (11), which has some similarities to sarco-
penia. Acutely following injury, there is a rapid and dramatic 
loss of muscle mass over a period of weeks or months. It has 
also been shown that composition of the paralyzed muscle 
also changes (9): dystrophic-type changes occur in muscles 
with the lean muscle tissue replaced by adipose tissue, that 
is, fatty infiltration, or IMAT, increases. These changes in com-
position continue, even several years following injury. IMAT 
has been reported to increase with aging in healthy adults 
(12), with an increase of around 3% annually for persons 
over 50 years (13). However, following SCI, the rapid IMAT 
accumulation seen in some individuals is occurring both 
more quickly and at a younger age than would be expected 
for sarcopenic muscle changes (9). Higher IMAT compromi-
ses tissue resilience by reducing the overall microvascula-
rity of the affected composite muscle tissue. The remaining 
blood vessels are also more prone to occlude under load. 
These changes thus impair the response to applied loads and 
increase the risk of tissue breakdown and PrI development. 
Changes in adiposity do not appear to be associated or cor-
related with clinical or demographic factors such as level or 
extent of injury (9,14). It is also important to clarify that in 
the same way as cholesterol levels vary independent of body 
mass index (BMI), so higher levels of IMAT deposition are not 
correlated with SCI-adjusted BMI.

There is growing appreciation that there is increased sub-
clinical inflammatory activity following SCI (15-17), which has 
recently been confirmed by functional genomics (18). When 
inflammation is prolonged by dysregulation, it can have 
harmful effects on tissue. However, prior work has shown 
that while inflammatory biomarkers can be detected in the 
circulation of persons with SCI, they are not discriminatory 
for RPrI risk (6). The role of fatty infiltration, or intramus-
cular adipose tissue, has only recently been reported (7,9). 

Relationships between adipogenic and myogenic circulatory 
biomarkers and RPrI in persons living with SCI have not previ-
ously been reported.

In the current study, results from different models were 
relatively consistent for identifying most important genes 
with a statistically significant effect on PrI history or IMAT. All 
the genes with a significant p value (<0.05) for the regression 
modeling combining univariate and multivariate analyses 
were considered together with those that have a marginal  
p value (<0.10) from most tests.

Adipogenic circulatory biomarkers

Using RPrI as the outcome measure, IMAT% is the top 
variable and Krüppel-like factor (KLF4) the top adipogene-
sis gene that complements IMAT in predicting Prl (Tab. IIa). 
KLF4 supports energy demand in skeletal muscle (19) and 
has been suggested as a potentially significant inhibitor of 
adipose biology (20). When IMATd was defined as the pri-
mary model outcome, the adipogenesis tree model indicated 
sirtuin 2 (SIRT2) was the critical determinant (Tab. IIb). The 
importance of SIRT2 as an adipogenesis gene for IMAT is also 
shown by both GLMM with a LASSO penalty and the com-
bined GLMM analysis (Tab. V). SIRT2 inhibits lipid synthesis, 
playing a role in glyceroneogenesis or fat deposition into adi-
pose tissue (21). Thus, increased SIRT2 expression may play a 
role in IMAT deposition over time following SCI.

In the combined GLMM analysis for nPrI, a finer scale 
than RPrl, in addition to IMAT, important adipogenesis genes 
included GATA binding protein 2 (GATA2), resistin (RETN), and 
cyclin D1 (CCND1) (Tab. IV). 

We also found retinoblastoma 1 (RB1) to be a significant 
factor in models fit for RPrI (Tab. IIa) and in the multivariate 
adipogenesis model using IMAT% as outcome (Tab. V). RB1 
expression is an important factor in adipocyte differentiation 
(22). It is negatively associated with BMI in able-bodied indivi-
duals, but positively associated with adipogenesis regulators 
such as peroxisome proliferator-activated receptor gamma 
(PPARγ). Current results suggest RB1 levels are reduced in 
environments that limit adipogenesis. Complement factor D 
(CFD), also known as adipsin, is an important factor in the 
binary adipogenesis model with IMATd as outcome (Tab. IIb). 

TABLE IV -  Poisson generalized linear mixed model using nPrI as 
outcome for adipogenesis (conditional R2 = 0.73)

Gene  
name

Standard 
abbreviation

Estimate Std. z value Pr(>|z|)

(Intercept) 0.359 0.346 1.04 0.2990

IMAT% 2.479 0.852 2.91 0.0036

GATA 
binding 
protein 2

GATA2 0.355 0.890 0.4 0.6900

Resistin RETN 1.116 0.694 1.61 0.1080

Cyclin D1 CCND1 0.582 0.246 2.36 0.0180

Months −0.001 0.016 −0.05 0.9599

IMAT = intramuscular adipose tissue; nPrI = recurrent pressure injury number.
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CFD is exclusively expressed in adipose tissue and is a rate-
limiting component of the alternative complement pathway 
that regulates innate immune response (23).

Myogenic circulatory biomarkers

For myogenesis, in addition to PrI, the top gene that works 
with IMAT is dysferlin 2B (DYSF2B) to predict RPrI (Tab. IIIa) 
and pyruvate dehydrogenase kinase 4 (PDK4) for predicting 
IMATd (Tab. IIIb). Although included on a myogenesis panel, 
PDK4 also contributes to glucose metabolism regulation, faci-
litating glyceroneogenesis and triacylglycerol storage (24). 
The current models also showed PDK4 to be a useful but not 
significant factor in multivariate myogenesis models with 
IMAT as the outcome (Tab. VII).

The binary myogenesis tree model (Tab. IIIa) indicates 
that DYSF2B expression is a myogenic determinant for RPrI. 
Lack of DYSF2B causes changes in myofiber repair, alters cal-
cium homeostasis, and causes chronic muscle inflammation 
(25). Muscle loss due to myofiber replacement with fibrotic 
or adipogenic tissue is well known in chronic muscle injuries, 
but has not previously been studied in persons with chronic 
SCI. Muscle damage and regeneration are exacerbated by 
increased levels of fibro/adipogenic precursors (FAPs), which 
cause adipogenic replacement of muscle fibers in tissues 
with mutated dysferlin (25).

GLMM with a LASSO penalty indicated DYSF2B as an 
important gene in the multivariate myogenesis models for 
nPrl (Tab. VI). For the combined GLMM analysis, dystrophin 
(DMD) also appeared to be more significant in the combined 
model when logit(IMAT) is the outcome measure (Tab. VII). 
PDK4 was also included in the final models but with p values 
larger than 0.10 (Tab. VII).

Limitations

This exploratory study involved a moderately sized cohort 
followed for up to 3 years. Variations between univariate and 

multivariate models for adipogenesis indicate some diffe-
rence in pathways for PrI development and IMAT. For myo-
genesis, the results across all analyses are more consistent. 
Further work is needed to clarify the impact on PrI risk over 
time of genes of interest involved in adipogenesis and myo-
genesis.

Conclusions

Persons with SCI have a near-normal life expectancy if 
they do not develop severe secondary complications, in par-
ticular PrI. While this is a lifetime risk, it also appears that 
susceptibility for this devastating secondary complication 
is unique for each individual. These differences are not cle-
arly associated with either level of injury or American Spinal 
Injury Association Impairment Scale (AIS) grade. This explora-
tory analysis confirms that IMAT is a major indicator for RPrI 
risk. Circulatory adipogenic and myogenic biomarkers have 
statistically significant relationships with PrI history and IMAT. 
The models indicated the importance of each gene based on 
the sum of the improvements in all nodes. Variable impor-
tance rankings can reveal nonlinear correlations among the 
predictors. Biomarkers of interest may act synergistically or 
additively, thus multiple genes may need to be included for 
prediction with finer distinction. 

TABLE V -  Linear mixed model using logit(IMAT) as outcome for adi-
pogenesis (conditional R2 = 0.98)

Gene name Standard 
abbreviation

Estimate Std. t 
value

Pr(>|t|)

(Intercept) −2.252 0.408 −5.53 0.00001

Nuclear receptor 
coactivator 2

NCOA1 2.453 1.054 2.33 0.0518

Resistin RETN −0.964 0.420 −2.29 0.0631

Sirtuin 2 SIRT2 1.486 0.599 2.48 0.0448

Sirtuin 3 SIRT3 −2.621 0.584 −4.49 0.0034

retinoblastoma 
1

RB1 −3.328 0.648 −5.14 0.0015

retinoid X 
receptor, alpha

RXRA 2.658 0.648 4.10 0.0074

Months −0.051 0.010 −5.08 0.0017

IMAT = intramuscular adipose tissue.

TABLE VI -  Poisson generalized linear mixed model using nPrI as 
outcome for myogenesis (conditional R2 = 0.75)

Gene name Standard 
abbreviation

Estimate Std. z 
value

Pr(>|z|)

(Intercept) −0.220 0.297 −0.74 0.4595

IMAT% 2.674 0.859 3.11 0.0019

Dysferlin 2B DYSF2B 1.061 0.692 1.53 0.1252

Hexokinase 2 HK2 −1.132 1.002 −1.13 0.2587

Interleukin 1, 
beta

IL-1B 1.138 0.806 1.41 0.1578

Months −0.003 0.016 −0.18 0.8608

IMAT = intramuscular adipose tissue; nPrI = recurrent pressure injury number.

TABLE VII -  Linear mixed model using logit(IMAT) as outcome for 
myogenesis (conditional R2 = 0.72)

Variable name Standard 
abbreviation

Estimate Std. t 
value

Pr(>|t|)

(Intercept) −2.067 0.376 −5.49 0.000003

Matrix 
metallopeptidase 
9

MMP9 0.641 0.621 1.03 0.3100

Pyruvate 
dehydrogenase 
kinase 4

PDK4 0.173 0.644 0.27 0.7910

Dystrophin DMD 0.401 0.194 2.07 0.0490

Months 0.002 0.018 0.12 0.9040

IMAT = intramuscular adipose tissue.
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ORIGINAL RESEARCH ARTICLE

Complementary tools such as lung ultrasound (LUS) and car-
diac biomarkers might aid in the diagnostic approach. 

LUS is highly sensitive for pulmonary congestion asses-
sment in HF (1), since the number and distribution of B-lines 
denote the amount of extravascular fluid in the lung.

Current guidelines included natriuretic peptides to mini-
mize HF diagnosis complexity, especially in the nonacute 
setting when echocardiography is not immediately available. 
In recent years, several cardiac biomarkers have been descri-
bed, reflecting different active pathogenic pathways in HF (2). 

The association of B-lines and N-terminal pro-brain natri-
uretic peptide (NT-proBNP) has been characterized in decom-
pensated acute HF patients. Nevertheless, there are few data 
on outpatients, and no data with other cardiac biomarkers. 
Accordingly, we investigated the correlation between B-lines 
and different biomarkers in outpatients with suspicion of HF 

Lung ultrasound and biomarkers in primary care: 
Partners for a better management of patients with 
heart failure?
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ABSTRACT
Introduction: The association of pulmonary congestion assessed by lung ultrasound (LUS) and biomarkers—other 
than N-terminal pro-brain natriuretic peptide (NT-proBNP)—is uncertain. 
Methods: We investigated the relationship between total B-line count by LUS and several biomarkers in outpa-
tients with suspicion of heart failure (HF). Primary care patients with suspected new-onset nonacute HF were 
evaluated both with a 12-scan LUS protocol (8 anterolateral areas plus 4 lower posterior thoracic areas) and 11 
inflammatory and cardiovascular biomarkers. A cardiologist blinded to LUS and biomarkers except NT-proBNP 
confirmed HF diagnosis. After log-transformation of biomarkers’ concentrations, unadjusted and adjusted cor-
relations were performed. 
Results: A total of 170 patients were included (age 76 ± 10 years, 67.6% women). HF diagnosis was confirmed 
in 38 (22.4%) patients. After adjustment by age, sex, body mass index, and renal function, total B-line sum sig-
nificantly correlated with NT-proBNP (R = 0.29, p < 0.001), growth/differentiation factor-15 (GDF-15; R = 0.23, 
p = 0.003), high-sensitive Troponin T (hsTnT; R = 0.36, p < 0.001), soluble interleukin-1 receptor-like 1 (sST2; 
R = 0.29, p < 0.001), cancer antigen 125 (CA-125; R = 0.17, p = 0.03), high-sensitivity C-reactive protein (hsCRP; 
R = 0.20, p = 0.009), and interleukin (IL)-6 (R = 0.23, p = 0.003). In contrast, IL-33 (R = −0.01, p = 0.93), IL-1β 
(R = −0.10, p = 0.20), soluble neprilysin (sNEP; R = 0.09, p = 0.24), tumor necrosis factor-alpha (TNF-α; R = 0.07, 
p = 0.39), and TNF-α receptor superfamily member 1A (TNFRSF1A; R = 0.14, p = 0.07) did not. 
Conclusions: Total B-line sum correlated significantly, although moderately, with congestion and several inflam-
mation biomarkers. Unexpectedly, the highest correlation found was with hsTnT.
Keywords: Biomarkers, Congestion, Diagnosis, Heart failure, Lung ultrasound, Primary care

Introduction

Heart failure (HF) diagnosis is challenging in ambula-
tory patients, since signs and symptoms are mild and can 
be related with other diseases, and even to natural aging. 
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in the primary care setting. We hypothesized that biomarkers 
with multiple bio-profiling other than NT-proBNP might be 
associated with pulmonary congestion by LUS. 

Methods

Study design and patients

The present study is a biomarker subanalysis of a prospec-
tive cohort of ambulatory patients >50 years old, referred by 
their primary care physician to NT-proBNP test for suspected 
new-onset non-acute HF (July 2015 to January 2018) (3). We 
excluded patients with established HF diagnosis, pulmonary 
fibrosis, or radiological pachypleuritis. The study was perfor-
med in accordance with the Declaration of Helsinki; the local 
ethics committee approved the research protocol and infor-
med consent was obtained from all subjects.

Procedures

All inclusion visits were scheduled in a centralized setting, 
where the primary care physician investigator (LC, MD, AW) 
evaluated the patients, focusing on Framingham criteria, and 
performed LUS. Blood samples were collected for NT-proBNP 
measurement (XT), and serum aliquots were stored at −80°C 
prior to assay (ER-L). At a subsequent visit, a cardiologist 
investigator (GJ) assessed all participants and performed a 
transthoracic Doppler echocardiogram. This physician confir-
med HF diagnosis, following the European Society of Cardio-
logy guidelines. The cardiologist had access to the patients’ 
electronic records, including the primary care investigator 
visit and NT-proBNP, but was blinded to LUS and other bio-
markers.

Assays

Biomarker panel

NT-proBNP, high-sensitive Troponin T (hsTnT) and growth/
differentiation factor-15 (GDF-15) were measured by Cobas 
Elecsys® kits (Roche Diagnostics). Cancer antigen 125 (CA-
125) was tested by ARCHITECT CA 125 II assay (Abbott Dia-
gnostic). High-sensitivity C-reactive protein (hsCRP) was 
measured by hsCRP reagent (Beckman Coulter). Human solu-
ble neprilysin (NEP) and soluble interleukin-1 receptor-like 
1 (sST2) were measured by Human Soluble neprilysin/CD10 
ELISA kit (Aviscera Bioscience) and Presage® ST2 (Critical Dia-
gnostics) assays, respectively. Interleukin (IL)-1β, IL-33, IL-6, 
tumor necrosis factor-alpha (TNF-α), and TNF-α receptor 
superfamily member 1A (TNFRSF1A) were tested by Quanti-
kine® immunoassay kits (R&D Systems). 

NT-proBNP was analyzed after collection. The rest of the 
biomarkers were analyzed in the first or second freeze-thaw 
cycle.

Lung ultrasound

LUS was performed with a pocket device (V-scan simple 
model with a sectorial phased array transducer; General 

Electric®) and interpreted bench side. LUS was performed 
with patient in a seated position; 8 anterolateral thoracic 
areas plus 4 posterior lower areas were examined. Each of 
the 12 areas was classified according to the number of B-lines 
in the sagittal scan. A thoracic area was considered positive if 
≥3 B-lines were observed. Pleural effusion was considered as 
10 B-lines. LUS congestion was defined as 2 out of 6 positive 
scans in each hemithorax.

Transthoracic Doppler echocardiography

Echocardiographic study was performed using an iE33 
ultrasound system (Philips Medical Systems; Andover, Massa-
chusetts) with a S5-1 sector transducer (5.1 MHz bandwidth), 
and analyses were performed with an EchoPAC. 

Statistical analysis

Categorical values are described as absolute numbers 
(percentages) and continuous variables as means (standard 
deviations) or medians [interquartile ranges], depending on 
whether data distribution was normal as assessed by nor-
mal Q-Q plots. To assess the relationship of total B-line sum 
acquired by LUS with biomarkers’ concentrations, Pearson 
correlation was used after logarithmic transformation of 
biomarker levels; afterward, partial correlations adjusted by 
age and sex, and finally by age, sex, body mass index, and 
estimated glomerular filtration rate (eGFR) were performed. 
Analyses were performed using Statistical Package for the 
Social Sciences (SPSS) 24. A two-sided p < 0.05 was conside-
red significant.

Results

Table I shows baseline characteristic and biomarker 
values of the 170 patients included. They were elderly, pre-
dominantly women, obese or overweight, and mainly in New 
York Heart Association (NYHA) class II. HF diagnosis was con-
firmed in 38 (22.4%) patients, and only one had left ventricu-
lar ejection fraction (LVEF) < 40%. Patients with HF diagnosis 
had higher levels of all biomarkers except IL-33, IL-1β, and 
soluble neprilysin (sNEP). They also had a higher number of 
total B-line count (p < 0.001). Although 85% of patients had 
exertional dyspnea, only 17.1% had crackles, 9.4% orthop-
nea, and 3.5% paroxysmal nocturnal dyspnea.  

Correlations between total B-line sum and studied bio-
markers are shown in Table II. Unadjusted analyses sho-
wed that total B-line sum was significantly associated with 
NT-proBNP, GDF-15, hsTnT, sST2, CA-125, hsCRP, IL-6, and 
TNFRSF1A (R range 0.18-0.35), while IL-33, IL-1β, sNEP, and 
TNF-α levels were not associated with total B-line sum. After 
the adjustments for the four covariates, R values tended to 
slightly decrease except for hsTnT and TNFRSF1A that lost 
statistical significance. 

Discussion

Bedside LUS has appeared as a step forward for HF dia-
gnosis, and biomarkers other than NT-proBNP are currently 
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TABLE I - Demographic, clinical characteristics and biomarker levels of patients

Total 
n = 170 

HF diagnosis 
n = 38 

No HF diagnosis
n = 132 

p-value

Age, years 76 ± 10.4 81.2 ± 8.3 74.4 ± 10  <0.001

Female sex, n (%) 115 (67.6) 23 (60.5) 92 (69.7) 0.29

LVEF, % 63 ± 5.8 59.9 ± 7.2 63.8 ± 5  <0.001

Comorbidities, n (%) 
 Hypertension 
 Diabetes mellitus 
 COPD 
 Valvular heart disease 
 Myocardial infarction 
 Atrial fibrillation 
 Obesity (BMI >30 kg/m2)
 eGFR < 60 mL/min/1.72 m2

132 (77.6)
43 (25.3)
19 (11.2)

6 (3.5)
15 (8.8)
19 (11.2)
84 (49.4)
48 (28.2)

36 (94.7)
12 (31.6)
7 (18.4)
3 (7.9)

7 (18.4)
16 (42.1)
20 (52.6)
18 (47.4)

96 (72.7)
31 (23.5)
12 (9.1)
3 (2.3)
8 (6.1)
3 (2.3)

64 (48.5)
30 (22.7)

0.004
0.31
0.11
0.10
0.02

<0.001
0.68
0.003

Functional class, n (%) 
 I 
 II 
 III 

20 (11.8)
116 (68.2)
34 (20.0)

2 (6.1)
18 (54.5)
18 (39.4)

18 (13.6)
98 (74.2)
16 (12.1)

 <0.001

Exertion dyspnea 145 (85.3) 36 (94.7) 109 (82.6) 0.06

Orthopnea 16 (9.4) 8 (21.1) 8 (6.1) 0.005

Paroxysmal nocturnal dyspnea 6 (3.5) 2 (5.3) 4 (3.0) 0.51

Lung crackles 29 (17.1) 11 (28.9) 18 (13.6) 0.03

Total B-line sum 5.6 ± 10.1 14.1 ± 15.0 3.2 ± 6.4  <0.001

Biomarkers
 NT-proBNP, ng/L
 GDF-15, ng/L 
 hsTnT, ng/L 
 sST2, ng/mL
 CA-125, U/mL
 hsCRP, mg/L
 IL-33, pg/mL 
 IL-1β, ng/mL 
 IL-6, pg/mL 
 sNEP, ng/mL
 TNF-α, pg/mL 
 TNFRSF1A, ng/mL

202 (104-640)
1708 (1175-2511)

11.9 (6.7-21.7)
27.5 (21.8-37.6)
13.7 (9.7-22.7)

3.4 (1.9-7.3)
93.7 (93.7-601.2)
0.34 (0.27-0.44)

4.4 (2.9-7.2)
0.209 (0.062-0.605)

56.3 (49.9-67.5)
1.88 (1.45-2.39)

1350 (666-3551)
3133 (2040-4075)

24.8 (13.8-39.9)
39.6 (32-56.6)

21.4 (11.4-55.4)
5.3 (2.3-19.2)

93.7 (93.7-548)
0.33 (0.25-0.45)

6.3 (4.3-14.3)
0.206 (0.062-0.465)

60.8 (52.7-71.1)
2.39 (1.72-3.56)

148 (88-289)
1470 (1113-2117)

9.6 (5.9-15.9)
25.2 (20.7-33.8)

13 (8.8-20)
3.1 (1.7-5.8)

93.7 (93.7-632.3)
0.35 (0.28-0.43)

3.9 (2.8-5.9)
0.208 (0.062-0.630)

55.1 (49.1-66.1)
1.75 (1.42-2.21)

 <0.001
 <0.001
 <0.001
 <0.001
 <0.001

0.005
0.78
0.60

 <0.001
0.62
0.02

 <0.001

Data are expressed as mean (standard deviation), median (percentiles 25th-75th), or absolute numbers (percentages).
BMI = body mass index; CA-125 = cancer antigen 125; COPD = chronic obstructive pulmonary disease; eGFR = estimated glomerular filtration rate;  
GDF-15 = growth differentiation factor 15; HF = heart failure; hsCRP = high-sensitivity C-reactive protein; hsTnT = high-sensitivity troponin T; IL = interleukin;  
LVEF = left ventricular ejection fraction; NT-proBNP = N-terminal pro-brain natriuretic peptide; NYHA = New York Heart Association; sNEP = soluble neprilysin; 
sST2 = soluble interleukin-1 receptor-like 1; TNF-α = tumor necrosis factor α; TNFRSF1A = TNF receptor superfamily member 1A.

under investigation. Although there is a growing interest on 
both, added value for better patient diagnosis and mana-
gement has scarcely been studied. In our study, we asses-
sed the correlation between B-lines and a biomarker panel 
in primary care outpatients with new-onset nonacute 

HF suspicion. Our results showed that (i) total B-line sum 
observed by LUS was significantly—although moderately—
associated with several biomarkers of active pathogenic 
pathways in HF, especially with those related to congestion 
and inflammation; and (ii) hsTnT, a biomarker related to 
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myocardial injury, was mainly and unexpectedly associated 
with total B-line sum. 

HF diagnosis can be difficult at early stages, especially in 
women and old patients with comorbidities. Our patients 
were elderly, mainly women, and not very symptomatic. Less 
than 10% of patients had lung congestion symptoms and only 
17% crackles. In this context, HF was only confirmed in 22.4% 
of patients since Framingham criteria, despite being highly 
specific, have a poor sensitivity for HF diagnosis in ambula-
tory patients. 

Hand-held devices could be easily incorporated in pri-
mary care and have shown a good correlation with standard 
ultrasound equipment for B-line detection. In our study, we 
used the 8-zone technique adding 4 posterior zones since 
these areas are the first that show signs of congestion and 
could add accuracy in outpatients.

As expected and according to previous studies in acute 
HF, total B-line sum was significantly associated with NT-
proBNP levels. However, we projected a highest correlation, 
since increased intracardiac filling pressures often precede 
lung congestion. Nevertheless, in mildly symptomatic pri-
mary care patients, pulmonary congestion is not always 
present unlike hemodynamic dysfunction. sST2 levels also 
correlated with B-line count in a similar level that NT-proBNP. 
ST2 is a member of the IL-1 receptor family linked to myo-
cardial fibrosis and adverse remodeling, both related to 
diastolic dysfunction and increased end-diastolic pressures 
that can contribute to pulmonary congestion. sST2 has been 
described as a 3-in-1 biomarker and provides insight into the 
hemodynamic, inflammatory, and pro-fibrotic/remodeling 
burden of the myocardium (4). Total B-line sum also corre-
lated with GDF-15, a marker of cell injury inflammation, oxi-
dative stress, and hypoxia. These results are consistent with 
previous studies where GDF-15 may indicate a greater syste-
mic inflammatory response in old patients and those with HF 
and preserved EF (5), as was the population of our study. It is 
remarkable that these two biomarkers, being in part inflam-
matory biomarkers but also associated with other several 

pathogenic pathways in HF, correlated with total B-line sum 
in a greater degree than the more “pure” inflammatory ones 
(hsCRP, IL-1β, IL-33, IL-6, TNF-α, and TNFRSF1A).

Maybe the more remarkable finding was the high corre-
lation of total B-line sum with hsTnT, a biomarker of myocar-
dial injury frequently elevated in patients with HF without 
coronary ischemia. Unexpectedly, hsTnT correlation was 
even higher than that observed with NT-proBNP and sST2. 
Recently, Myhre et al (6) showed that high-sensitive car-
diac Troponin T (hs-cTnT) concentrations were associated 
with worse diastolic function, suggesting that high levels of 
hs-cTnT may serve as an early marker of subclinical altera-
tions in diastolic function that may lead to a predisposition  
to HF. 

Finally, although there was a statistically significantly cor-
relation between total B-line sum and CA-125, we anticipated 
a higher correlation, since both are surrogates of pulmonary 
and systemic congestion (7), respectively. Congestion plays a 
major role in acute HF syndromes; however, it is known that 
severity and organ distribution are largely heterogeneous. In 
fact, our primary care patients showed low percentages of 
congestion signs or symptoms. 

Limitations of our study include the limited sample size 
and the low incidence of HF since our target was primary care 
patients with mild symptoms and suspicion of HF. These facts 
might have an impact on the external validity of the study. 
Also HF diagnosis was performed by a single cardiologist. 
Although larger studies in diverse populations are needed, 
our data are hypotheses generating correlations between 
B-lines, a surrogate of pulmonary congestion, and of biomar-
kers in HF patients.

Conclusion

In primary care outpatients with new-onset nonacute  
HF suspicion, total B-line sum is significantly—although 
moderately—associated with several biomarkers of conge-
stion and inflammation, and remarkably with hsTnT. 

TABLE II - Correlations between total B-line sum and studied biomarkers

NT-proBNP GDF-15 hsTnT sST2 CA-125 hsCRP IL-6 IL-33 IL-1β sNEP TNF-α TNFRSF1A

Unadjusted

R 0.32 0.27 0.35 0.32 0.21 0.22 0.27 –0.02 –0.08 0.10 0.09 0.18

p-value <0.001 <0.001 <0.001 <0.001 0.007 0.004 <0.001 0.81 0.28 0.21 0.26 0.02

Adjusted by age and sex

R 0.29 0.23 0.34 0.30 0.19 0.21 0.24 –0.01 –0.11 0.09 0.08 0.15

p-value <0.001 0.003 <0.001 <0.001 0.02 0.007 0.002 0.93 0.18 0.24 0.32 0.06

Adjusted by age, sex, BMI, and eGFR*

R 0.29 0.23 0.36 0.29 0.17 0.20 0.23 –0.01 –0.10 0.09 0.07 0.14

p-value <0.001 0.003 <0.001 <0.001 0.03 0.009 0.003 0.93 0.20 0.24 0.39 0.07

*estimated by CKD-EPI (Chronic Kidney Disease Epidemiology Collaboration).
BMI = body mass index; CA-125 = cancer antigen 125; eGFR = estimated glomerular filtration rate; GDF-15 = growth differentiation factor 15; hsCRP = high- 
sensitivity C-reactive protein; hsTnT = high-sensitivity troponin T; IL = interleukin; NT-proBNP = N-terminal pro-brain natriuretic peptide; sNEP = soluble neprilysin;  
sST2 = soluble interleukin-1 receptor-like 1; TNF-α = tumor necrosis factor α; TNFRSF1A = TNF receptor superfamily member 1A. 
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cancers remain dependent on androgen receptor signaling 
for growth and that these orally administered agents can 
improve progression-free survival and overall survival (1-7).

AATTs have quickly become the most common treatment 
modalities in CRPC. Abiraterone and enzalutamide received 
approvals in 2011 and 2012, apalutamide in 2019, and daro-
lutamide the same year (1-7). Since then, a recent analysis of 
medical records of 2,559 mCRPC patients in the United Sta-
tes from January 2013 to September 2017 found that 1,980 
(77%) received life-prolonging therapies, of whom 1,294 
(65%) received an AATT as the first-line therapy. Of the 969 
patients who received a second-line treatment, 523 (54%) 
received an AATT, with sequential use of AATTs commonly 
practiced (8). The second most common class of drugs utili-
zed are taxanes, such as docetaxel or cabazitaxel (8). 

While these two drug classes are the most commonly 
utilized in the management of mCRPC in the United States, 
the choice between an AATT and a taxane is often empiric 
without a predictive biomarker guidance (8). In this setting, 
the most clinically validated treatment selection biomarker 
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ABSTRACT
Introduction: Here we describe the development of a protein immunofluorescent assay for the detection of 
nuclear-localized androgen receptor variant 7 (AR-V7) protein within circulating tumor cells (CTCs) identified in 
patient blood samples. Used in the clinic, the test result serves as a validated biomarker of futility for patients 
with progressing metastatic castration-resistant prostate cancer (mCRPC) who are treated with androgen recep-
tor targeted therapies (AATT) in whom nuclear-localized AR-V7 CTCs are identified and have received level 2A 
evidence in the 2019 National Cancer Center Network (NCCN) guidelines (v1.0). 
Methods: Assay development was completed on the Epic Sciences rare cell detection platform using control 
cell lines of known AR-V7 status and clinical testing of mCRPC patient samples obtained at the decision point in 
management.
Results and conclusions: Using these samples, all assay parameters, scoring criteria, and clinical cutoffs for posi-
tivity were prospectively selected and locked. After assay lock, blinded clinical validation testing was initiated on 
multiple, independent, clinical cohorts as reported by Scher et al (JAMA Oncol. 2016;2:1441-1449; JAMA Oncol. 
2018;4:1179-1186) and Armstrong et al (J Clin Oncol. 2019;37:1120-1129). 
Keywords: AR-V7, Castration-resistant prostate cancer, Circulating tumor cells (CTCs), Predictive biomarkers

Introduction

The last decade has seen a dramatic expansion of the 
therapeutic options for men with recurrent metastatic 
castration-resistant prostate cancers (mCRPCs). In particular, 
next-generation androgen receptor targeted therapies (AATT) 
including abiraterone, enzalutamide, apalutamide, and daro-
lutamide have unequivocally demonstrated that many CRPC 
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to date is the presence of nuclear-localized androgen recep-
tor splice variant 7 (AR-V7) protein detected in the circulating 
tumor cells (CTCs) of metastatic CRPC patients using the Epic 
Sciences platform, receiving level 2A evidence in the 2019 
National Cancer Center Network (NCCN) guidelines. The 
assay is performed at Epic Sciences as a laboratory develo-
ped test (LDT), reimbursed by the Centers for Medicare and 
Medicaid Services (CMS) and top private payers, has received 
accreditation by the College of American Pathologists (CAP), 
and approval from the New York State Department of Health 
(NYSDOH). 

The first study to demonstrate clinical utility of the Epic 
Sciences nuclear-localized AR-V7 test was a blinded cross- 
sectional study consisting of mCRPC patients treated with 
AATT and taxanes from Memorial Sloan Kettering Cancer Cen-
ter (MSKCC) (9). Both treatment-naïve (first line) and pretrea-
ted (second line or greater) patients were considered, and the 
results showed superior survival times for patients in whom 
nuclear-localized AR-V7 CTCs were identified who received 
a taxane compared with AATT and that favorable prostate-
specific antigen (PSA) responses were observed only in the 
patients treated with taxanes. This study was followed by a 
blinded prospective validation that included mCRPC patient 
samples from three centers (10). Here, only second-line 
mCRPC-treated patients, those who had failed one prior the-
rapy, were considered and AR-V7 biomarker-positive patients 
were observed to have favorable survival on taxanes compa-
red with AATT in a risk-adjusted model, confirming our initial 
report. The third study, PROPHECY (NCT02269982) (11), was 
a prospectively designed multicenter blinded validation that 
included first- and second-line mCRPC patients with a poor 
prognosis based on a validated nomogram that included 
pretreatment levels of lactate dehydrogenase (LDH), alka-
line phosphatase (ALK), or presence of visceral metastases 
among other features. All patients were treated with AATT. 
Here again, patients with nuclear-localized AR-V7 CTCs had a 
shorter time to radiographic progression, shorter overall sur-
vival, and an unfavorable PSA response (11). 

Here we present the development data for the Epic Scien-
ces nuclear-localized AR-V7 assay. Analytical and clinical fea-
sibility testing, including control cell line screening, antibody 
testing, and initial patient feasibility testing, were executed 
to achieve assay lock prior to the commencement of the 
three clinical utility studies. 

Materials and methods

AR-V7-positive cell line engineering

A lentiviral vector containing both EF1a-AR-V7 and RSV-
puromycin inserts was transduced into a PC3 (AR-negative) 
parental cell line to create a stable AR-V7 expressing cell line. 
Target sequence integration into the cell line genome was 
confirmed using genomic template polymerase chain reac-
tion (PCR). AR-V7 transfected cells were maintained under 
puromycin selection during culture to ensure the stable expres-
sion of AR-V7 protein. Transfected subclones were assessed via 
quantitative PCR (qPCR), Western blotting and immunofluore-
scent staining to confirm AR-V7 protein expression.

Cell culture

All cell lines were cultured using sterile techniques and 
complete cell culture media. To manufacture control slides 
for assay development and subsequent assay validation, cells 
were trypsinized into single-cell suspension, counted, and 
spiked into normal donor (ND) blood collected into Streck 
BCT at known quantities. 

qPCR

qPCR primer pairs specific for the AR N-terminal domain 
(ARNTD), AR-V7 cryptic exon (ARV7CE), and the AR C-terminal  
domain (ARCTD) were used to assess appropriate gene 
expression and messenger ribonucleic acid (mRNA) splicing 
profiles in each cell line.

Cells were harvested and assayed for gene expression 
using a Single Cell-to-CT Kit (Ambion) as per manufacturer 
protocol. Real-time quantitative (qRT)-PCR was performed 
with TaqMan probes for ARNTD, ARCTD (ThermoFisher), 
or a probe set specific to ARV7CE (custom design) with a 
QuantStudio 7 (ThermoFisher). All samples were analyzed for 
18S (ThermoFisher) as an internal RNA quality control.

Western blotting

Whole cell lysates were prepared using NuPAGE LDS sam-
ple buffer supplemented with 0.5% beta-mercaptoethanol 
and protease inhibitor. Cells were harvested via scraping 
from tissue culture dishes at approximately 80% confluency 
and sonicated via probe sonicator followed by incubation at 
95°C for 5 minutes.

Protein lysates (40 µg/well) were run on NuPAGE 4%-12% 
Tris-Glycine precast gels and transferred using the iBlot Dry 
Blotting system. Overnight incubation with AR-V7 primary 
antibody followed by detection via WesternDot 625 goat-
antirabbit kit (Cat# W10142, ThermoFisher) was used for 
visualization of AR-V7 protein.

All Western blotting reagents and equipment was sourced 
from ThermoFisher and AR-V7 antibody was sourced from 
Abcam (clone EP343). 

Laboratory-derived sample and patient blood sample 
processing

Laboratory-derived (LD) control samples were created 
using ND blood collected into Streck cell-free blood collection 
tubes and spiked with either positive (GS3 or 22RV1) or nega-
tive (DU145 or PC3) cell line cells (CLCs). Contrived LD sam-
ples were used to create unequivocal positive and negative 
samples to mimic patient samples of known AR-V7 status. 
These samples were accessioned and processed identically to 
patient samples. For patient samples, mCRPC patient blood 
(7.5 mL) was collected in Streck tubes at MSKCC and proces-
sed at Epic Sciences within 48 hours. All patients gave infor-
med consent to an institutional review board (IRB)-approved 
protocol before blood draw. For both LD and patient sam-
ples, red blood cells were lysed, and approximately 3 million 
nucleated cells were dispensed onto glass microscope slides, 
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fixed, and stored at −80°C as previously described (9-13). All 
testing presented in this study was performed prior to the 
start of the three clinical validation studies.

ND blood sample processing

ND blood samples were acquired from a local blood col-
lection site (The Scripps Research Institute Normal Blood 
Donor Service, La Jolla, CA). Blood was drawn into Streck 
tubes from male donors and shipped to Epic Sciences for 
processing.

Immunofluorescent staining

Briefly, the immunofluorescence (IF) staining components 
of the assay are as follows and as previously reported (9-13). 
Analytical validation of the Epic Sciences platform for rare 
cell detection has been previously reported (12). All nucle-
ated cells deposited onto a slide are detected with DAPI, a 
dye that fluoresces upon binding to deoxyribo nucleic acid 
(DNA) and stains the cell nucleus. White blood cells (WBCs) 
are detected using an anti-CD45 antibody that is directly con-
jugated to Alexa Fluor™ 647. CK proteins in CTCs are detected 
using a panel of mouse immunoglobulin G (IgG)1 anti-CK 
antibodies visualized with a secondary goat antimouse IgG1 
antibody conjugated to Alexa Fluor™ 555. The rabbit mono-
clonal anti-AR-V7 antibody is recognized by a secondary goat 
antirabbit antibody conjugated to horseradish peroxidase 
(GARHRP), which catalyzes covalent binding of tyramide con-
jugated to Alexa Fluor™ 488. 

Immunofluorescent scanning

Stained slides are scanned using the Epic Sciences auto-
mated scanning platform. The platform consists of a high-
throughput microscope slide scanning system that collects 
images at 10× magnification for each of the four fluorescent 
channels used in the AR-V7 assay (DAPI, CK, CD45, AR-V7). 
All nucleated cells found on each glass slide are imaged and 
mean fluorescent intensities (MFIs) are quantified. Final 
outputs from the fluorescent scanner include cell-level ima-
ges enabling visualization of subcellular biomarker localiza-
tion, MFIs for each biomarker, and unique coordinates to 
allow for the relocation of cells of interest for genomics or 
reimaging purposes. 

Imaging algorithms

Using the images captured by the Epic Sciences platform, 
proprietary image analysis algorithms classify CTCs based on 
cellular morphology and biomarker MFIs detected from each 
of the four channels corresponding to DAPI, CK, CD45, and 
AR-V7. Exposure times are automatically varied to maximize 
signal in each field of view. For this reason, the signal quanti-
fied in a CLC or CTC subpopulation is normalized to the ave-
rage signal observed in a representative population of WBCs 
on the slide.

The nuclear localization of AR-V7 signal (NL-ARV7) is 
determined based on its colocalization with DAPI (13). On a 

CTC level, results are binary for the purposes of this assay. 
A CTC with AR-V7 fluorescent signal above background that 
colocalizes with DAPI is considered AR-V7 positive. Trained 
technical reviewers confirm the algorithm classification to 
identify the presence or absence of AR-V7-positive (nuclear-
localized) CTCs.

Results

Control cell line characterization of AR-V7 mRNA and  
protein expression

To enable AR-V7 IF assay development, appropriate con-
trol cell lines (PC3, DU145, and 22RV1) were screened to con-
firm AR-V7 mRNA and protein expression levels. Consistent 
with previous reports, PC3 and DU145 cells lacked detectable 
AR gene expression and were negative for both AR mRNA and 
protein (Fig. 1A, B). 22RV1 cells are known to express seve-
ral AR splice variants (14), and because of this heterogeneity, 
mRNA transcripts corresponding to the ARNTD-, ARV7CE-, 
and ARCTD-specific sequences were detected, reconfir-
ming the expression of both full-length AR and AR-V7 splice 
variants (Fig. 1A).

To create an unequivocal control without the limitations 
of the inherent heterogeneity and lot-to-lot variability of AR 
variant expression in 22RV1s, we engineered a cell line to 
constitutively express only the AR-V7 variant. Lentiviral tran-
sfection of a PC3 parental line was used to generate seve-
ral candidate subclones for constitutive AR-V7-expressing  
cell lines in which three were selected (GS1, GS3, GS8). 
While all three subclones expressed the AR-V7 transcript, 
only the GS3 line was found to be positive for AR-V7 protein 
via IF staining (Fig. 2A) and Western blot (Fig. 1B). Notably, 
full-length AR is not expressed in GS3 cells as evidenced by 
lack of detectable ARCTD transcript (Fig. 1A). For subse-
quent AR-V7 IF assay development, both PC3 and DU145 
cells were utilized as negative controls to confirm test spe-
cificity, while 22RV1 and GS3 cells were used as positive  
controls.

AR-V7-specific immunofluorescent assay development

AR-V7 IF assay development utilized the Epic Sciences 
existing rare cell detection platform as previously described 
(12). Using LD samples containing either positive (GS3 or 
22RV1) or negative (PC3, DU145) cells spiked into ND blood, 
or ND blood alone, IF staining conditions were developed 
and subsequently optimized (Fig. 2). Primary antibody titra-
tion results observing relative fluorescent signal in each CLC 
as a function of primary antibody concentration are shown in 
Figure 2B, C.

Upon completion of preliminary primary and secondary 
antibody titration curves, extensive guard banding studies 
were performed to confirm optimal assay parameters inclu-
ding primary and secondary antibody concentrations, tyra-
mide concentration, fixation reagent concentration, fixation 
reagent incubation time, and wash buffer incubation times 
(data not shown). Final assay conditions were selected based 
on optimal signal-to-background ratios, yielding median 
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AR-V7 fluorescent signals of 8.4-, 17,- and 127-fold above 
background in DU145, 22RV1, and GS3 cells, respectively 
(Fig. 2C). AR-V7 signal in positive control cells was observed 
to be consistently and predominantly localized in the cell 
nucleus, whereas signal in DU145 and PC3 was largely unde-
tectable and if low levels were present it was non-nuclear 

(example images, Fig. 2A). Therefore, hereafter, we require 
nuclear-specific localization of AR-V7 to call a cell positive. 
By comparison, similar criteria for nuclear localization have 
been applied to AR-V7 expression in tissue (15-17). Finally, 
we tested 21 ND blood donors and 0/21 (0%) were found to 
have AR-V7-positive CTCs.
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Fig. 1 - Control cell line characterization of androgen receptor variant 7 (AR-V7) messenger ribonucleic acid (mRNA) and protein ex-
pression. (A) Quantitative polymerase chain reaction analysis using AR N-terminal (ARNTD), AR C-terminal (ARCTD), and AR-V7 (ARV7CE)-
specific primer sets. PC3 and DU145 cell lines are negative for all AR-specific mRNA sequences (ND: not detected). While 22RV1s expresses 
relatively low levels of AR-V7 transcript, ~90-fold relative abundancy was observed in AR-V7 stably transfected GS3 cells. Furthermore, no 
ARCTD-specific transcript was observed in GS3s, confirming no full-length AR mRNA expression. mRNA abundance is quantified as fold ex-
pression compared to 22RV1. 18S is used as an internal control. (B) Western blot confirms mRNA expression profiles. DU145 and PC3 cells 
are AR-V7-negative, while abundant protein was observed in GS3 and 22RV1 cell lysates. GS1 and GS8 cells, alternative AR-V7 stably tran-
sfected subclones, did not produce AR-V7 protein and were discarded. Lower weight nonspecific bands (~72 kDa, 50 kDa) were observed in 
some cell lines. Histone H3 is used as a loading control.
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Fig. 2 - Androgen receptor variant 7 (AR-V7)-specific immunofluorescent assay development. Optimization of an immunofluorescent 
circulating tumor cell (CTC) assay detecting the presence of nuclear-localized AR-V7 protein was developed using control cell lines. Nuclear-
localized staining was observed in 22RV1 and GS3 cells, whereas PC3 and DU145 cells are consistently negative for nuclear AR-V7 signal as 
seen in representative images (A). Representative microscopy images of 22Rv1, GS3, PC3, DU145 cell lines. (B) Antibody titration curves 
comparing GS3 (AR-V7 expressing) and PC3 (AR-V7 negative). Each data point represents the mean fluorescence signal relative to the local 
background of a single cell detected (cRatio). (C) Titration curves comparing GS3, 22RV1, and DU145 at 2, 3, and 4 µg/mL of AR-V7 primary 
antibody. At the selected primary antibody concentration of 3 µg/mL, typical fluorescent signals observed in DU145, 22RV1, and GS3 were 
8.4-, 17-, and 130-fold above background, respectively. Immunofluorescent signals in negative controls (i.e., PC3, DU145) are nonzero due 
to a combination of cellular autofluorescence, instrument noise, and nominal nonspecific (non-nuclear) antibody binding.
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Scoring criteria for AR-V7-positive cells

Before initiation of patient feasibility testing, scoring 
criteria were defined. For a CTC to be scored as AR-V7 posi-
tive, it must: (1) be negative for CD45 staining (blood lineage 
marker); (2) have CK positivity or cellular morphology indica-
tive of epithelial (or nonhematopoietic) lineage; (3) have an 
intact nucleus without signs of apoptosis; and (4) have AR-V7 
staining with clearly defined nuclear-localized signal. Existing 
clinical data indicated that AR-V7 would be more likely to be 
expressed in patients who had previously failed treatments in 
the metastatic setting (18).

To assess the general clinical feasibility of the AR-V7 assay 
to potentially detect physiologically relevant levels of AR-V7 
protein in CTCs, 27 mCRPC patient samples were tested. 
These samples were obtained from patients who had pre-
viously failed at least one line of treatment in the metastatic 
setting, were progressing, and in need of a therapy change. 
Samples were not selected based on known AR-V7 status. 
Furthermore, this cohort was used strictly for development 
purposes and was not included in any subsequent clinical 
validation testing. Twenty-two of 27 (82%) patients harbored 
CTCs, 14/27 (51.8%) of patients harbored CTCs with nuclear-
localized expression, and patients with AR-V7-positivity qua-
litatively demonstrated substantial heterogeneity, in terms 
of AR-V7 protein expression localization and intensity within 
their observed CTC populations (Fig. 3). 

Based on these data, a cutoff of at least 1 AR-V7-positive 
CTC detected in a patient sample was prospectively chosen as 

the criterion for AR-V7 test positivity. For each patient sam-
ple here, 6 million total nucleated cells were analyzed per 
patient sample. The detection of at least 1 positive cell was 
used for all subsequent clinical validation studies (9-11). Fur-
thermore, a nuclear AR-V7 fluorescence intensity of at least 
3.2-fold above background was also prospectively selected as 
a criterion for AR-V7 positivity based on a qualitative asses-
sment of the mCRPC patient CTCs, that is, it was not possible 
to determine AR-V7 localization below this threshold. There-
fore, patient samples containing CTCs with AR-V7 IF intensity 
below 3.2, those with non-nuclear-localized signal above 3.2, 
and those samples in which CTCs are not detected are classi-
fied as negative.

Discussion

In this report we present assay development results 
for the Epic Sciences nuclear-localized AR-V7 test. Impor-
tantly, all studies presented and all assay parameters were 
locked prior to initiation of any of the three clinical utility 
studies (9-11). The assay specifically detects the AR-V7 
splice variant protein lacking the ligand binding domain in 
the nucleus of CTCs. Control cell line experiments demon-
strate the assay’s ability to distinguish between the AR-V7 
truncated protein from the full-length protein and other 
splice variants within CTCs. Analysis of blood samples from 
patients with progressing mCRPC in need of a change in 
therapy for progressing disease were used to develop a 
patient scoring criteria and to demonstrate the ability of 
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Fig. 3 - Scoring criteria for androgen receptor variant 7 (AR-V7) positive cells. Samples from 27 progressing mCRPC patients in need of 
a therapy change tested with the locked clinical trial assay prior to conduct of clinical utility studies. (A) Dot plot where every dot is one 
circulating tumor cell (CTC, blue) or CTC cluster (green); the y-axis indicates the immunofluorescence intensity and the x-axis indicates 
the unique sample identifier. Dashed line indicates the analytical cutoff for signal intensity, which combined with the presence of nuclear-
localized signal constitutes a positive. Representative AR-V7-positive (B) and AR-V7-negative (C) CTC images with the following panels left 
to right: 4-color composite, DAPI, CK, CD45, AR-V7. Exposure times are varied to maximize signal and fluorescence intensities are reported 
relative to the local background.

the locked assay to specifically detect the AR-V7 protein in 
CTCs from patients.

The three independent clinical studies performed after 
assay-lock showed the clinical utility of the Epic Sciences 
nuclear-localized AR-V7 assay in providing information for 
guiding treatment selection for men with progressing mCRPCs 
(9-11). Specifically samples were obtained at the pertinent 
decision point in management and collectively show that 
patients in whom nuclear-localized AR-V7 protein is identi-
fied in CTCs harbor tumors that are resistant to AATTs, such 
as abiraterone acetate or enzalutamide, and have a better 
chance at response and have longer survival times when tre-
ated with taxanes, such as docetaxel or cabazitaxel. 

Other assays are currently available for AR-V7 detection 
of CTCs in the blood; however, only the nuclear-localized 
AR-V7 assay described here has met the Ballman crite-
ria (19) for a predictive biomarker to date, in which two 
treatment groups, AATTs and taxanes, have been directly 

compared and a quantitative statistical interaction between 
biomarker, treatment group, and overall survival has been 
observed such as in the two studies reported by Scher et al 
(9,10). The most recent study, PROPHECY (11), a multicen-
ter prospective trial, enrolled patients treated in the first 
and second lines with AATTs and directly compared AR-V7 
protein expression by the nuclear-localized AR-V7 assay 
with the detection of AR-V7 mRNA using qPCR from isola-
ted CTCs’ affinity enriched from blood: the Johns Hopkins 
AR-V7 assay (18). The nuclear-localized protein expression 
AR-V7 assay identified fewer AR-V7-positive patients (11% 
of patients having nuclear-localized AR-V7 protein vs. 24% 
having detectable AR-V7 mRNA in isolated CTC), although 
had a higher specificity of identifying nonresponse (0% 
vs. 11%; 50% PSA decline). While it is possible that some 
cells express AR-V7 mRNA, but not the functional proteins, 
both methods of AR-V7 detection showed a strong asso-
ciation with poor survival and measures of response, and 
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increased in frequency at progression, providing further 
evidence that the AR-V7 splice variant is a mechanism of 
AATT resistance (11). 

The AR-V7 protein is a transcription factor and is required 
to bind to DNA in order to activate the AR signaling axis, and 
with this in mind, prior tissue-based assessments of AR-V7 
have generally required the criteria for nuclear localization 
(15-17). Similarly, for CTCs it is necessary that the AR-V7 
protein is nuclear localized to make a positive biomarker call 
and in prior clinical outcome analysis it was found that the 
nuclear localization is required for making treatment deci-
sions between AATTs and taxanes (13).

AATTs, such as abiraterone, enzalutamide, apalutamide, 
and darolutamide, have been shown to extend life in CRPC 
(1-7); however, these treatments are not curative and nearly 
all patients eventually progress (20). It is hypothesized that 
because the AR-V7 splice variant lacks the ligand binding 
domain it can track into the nucleus and activate the AR 
signaling axis in the absence of androgens. However, other 
mechanisms of resistance exist, including other forms of 
AR reactivation, AR bypass signaling, and AR independent 
disease (20), and it is likely that AR-V7 expression may co-
occur with many, highlighting the need for more comprehen-
sive biomarkers that can be assessed in real time. Needed 
are additional blood-based CTC-based IF assays or genomic 
biomarkers assayed in CTCs or in circulating tumor DNA 
(ctDNA) to provide a more comprehensive biomarker panel 
to further inform therapy choice, where there are too few 
predictive biomarkers; the CTC nuclear-localized AR-V7 assay 
and tissue-based assessment of BRCA alterations for PARPi 
treatment are of only a few biomarkers to be reimbursed for 
physician choice in therapy selection to date.
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