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We sought to confirm the prognostic importance of simple clin-
ically available biomarkers of C-reactive protein, serum albu-
min, and ferritin prior to allogeneic hematopoietic cell trans-

plantation. The study population consisted of 784 adults with acute
myeloid leukemia in remission or myelodysplastic syndromes undergo-
ing unrelated donor transplant reported to the Center for International
Blood and Marrow Transplant Research. C-reactive protein and ferritin
were centrally quantified by ELISA from cryopreserved plasma whereas
each center provided pre-transplant albumin.  In multivariate analysis,
transplant-related mortality was associated with the pre-specified
thresholds of C-reactive protein more than 10 mg/L (P=0.008) and albu-
min less than 3.5 g/dL (P=0.01) but not ferritin more than 2500 ng/mL.
Only low albumin independently influenced overall mortality. Optimal
thresholds affecting transplant-related mortality were defined as: C-
reactive protein more than 3.67 mg/L, log(ferritin), and albumin less
than 3.4 g/dL.  A 3-level biomarker risk group based on these values sep-
arated risks of transplant-related mortality: low risk (reference), interme-
diate (HR=1.66, P=0.015), and high risk (HR=2.7, P<0.001).   One-year
survival was 74%, 67% and 56% for low-, intermediate- and high-risk
groups.  Routinely available pre-transplant biomarkers independently
risk-stratify for transplant-related mortality and survival. 
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ABSTRACT



Introduction 

Successful outcomes following allogeneic hematopoiet-
ic cell transplant (HCT) may be offset by risks of trans-
plant-related morbidity and mortality.1 Traditional factors
used to gauge transplant risks include conditioning regi-
men intensity,2 immunosuppression and HLA matching,3

along with hematopoietic cell source, and graft cell yield.4,5

The importance of patient factors on morbidity and trans-
plant-related mortality (TRM) has gained greater appreci-
ation, particularly in the era of HCT for older and/or more
fragile patients.6 Comorbidity determined by the
hematopoietic cell transplantation-comorbidity index
(HCT-CI),7 predicts for worse survival, generally through
higher TRM. Impaired performance status interferes with
transplant success.7-9 Detailed inventories of patient health
through Geriatric Assessment (GA) enhance risk-stratifica-
tion10 but are time consuming and mostly apply to older
adults. 

Simple, objective, available, and validated prognostic
markers are required to more precisely estimate TRM and
ideally inform targeted interventions to mitigate adverse
risks. Serum biomarkers hold promise in this regard. Prior
single institutional studies have suggested elevated 
C-reactive protein (CRP),11,12 ferritin13,14 and lower albu-
min15 prior to allogeneic HCT are associated with greater
TRM and worse overall survival (OS). Although inflam-
mation affects all three measures, each biomarker has sep-
arate and distinct underlying pathways and clinical uses.
CRP is an acute phase reactant clinically applied to quan-
tify inflammation, but is also prognostic for long-term
function and mortality outside the HCT setting.16 Serum
ferritin estimates iron stores.13 Albumin reflects protein
synthesis and levels decline in relation to protein restric-
tion and inflammation.17 Hypoalbuminemia represents a
risk factor for mortality in older patients in general.18

Prior studies of these biomarkers in HCT have shown
inconsistent results on transplant outcomes. We sought to
validate the independent prognostic value of pre-condi-
tioning serum CRP, ferritin, and albumin in a large,
homogenous, sample derived from transplant registry
data. 

Methods

Data source 
The Center for International Blood and Transplant Research

(CIBMTR) is a voluntary working group of more than 450 trans-
plant centers worldwide who contribute data on consecutive allo-
geneic HCT to a statistical center housed both at the Medical
College of Wisconsin in Milwaukee and the National Marrow
Donor Program (NMDP) in Minneapolis. Patients are followed
longitudinally with yearly follow up. Computerized checks for
errors and on-site audits of participating centers ensure data qual-
ity. Physician review of data and additional requested information
from reporting centers are included. Observational studies con-
ducted by the CIBMTR are performed with a waiver of informed
consent and in compliance with HIPAA regulations, as determined
by the Institutional Review Board and the Privacy Officer of the
Medical College of Wisconsin.

Patient selection 
Patients aged 18 years or over, receiving either an 8/8 or 7/8

human leukocyte antigen matched (i.e. HLA-A, B, C, DRB1) unre-

lated donor allograft for acute myeloid leukemia (AML) in remis-
sion or myelodysplastic syndromes (MDS) with less than 5%
blasts at time of transplant and available, cryopreserved, plasma
samples collected before HCT conditioning were considered.  The
study period covered transplant from 2008 to 2010 to allow for
comorbidity adjustment as routine capture of the HCT-CI began
in 2008. Recipients of T-cell depleted allografts and prior autolo-
gous or allogeneic transplant were excluded. 

Study end points and definitions
For validation of TRM, pre-specified, literature-derived, bio-

marker thresholds were defined as follows: CRP more than 10
mg/L,11 ferritin more than 2500 ng/mL,14 and albumin less than 3.5
g/dL.15 Time to death without evidence of disease relapse defined
TRM. Relapse is the competing risk, and patients surviving in con-
tinuous complete remission were censored at last follow up.
Secondary end points included cumulative incidence of relapse,
progression-free survival (PFS), overall survival (OS), acute 
graft-versus-host disease (GvHD) grade II-IV and grade III-IV. A
secondary analysis was planned to explore the optimal biomarker
cut-off points and construct an overall biomarker model for future
testing. 

Sample collection and processing
Peripheral blood plasma samples were obtained prior to condi-

tioning and cryopreserved at -80˚C in the CIBMTR biorepository.
The University of Chicago later analyzed the samples by enzyme-
linked immunosorbent assay (ELISA) for ferritin and high-sensitiv-
ity CRP (kits from MP Biomedicals). Each center provided pre-
transplant patient albumin values as available from the medical
record before conditioning started. The limited sample volume
precluded automated chemistry machine analysis for biomarkers.

Correlation of biomarkers by automated methods 
and ELISA

To correlate automated chemistry derived CRP and ferritin (as
routinely performed in clinical laboratories) to ELISA, we obtained
de-identified serum samples analyzed on the Roche Cobas© 8000
(Roche Diagnostics, USA) covering the entire biomarker range
after institutional review board approval.  CRP encompassed four
ranges in mg/L: < 3, 3-5, 6- 10, and >10. Likewise, ferritin spanned
four groups as follows: < 500, 500-1000, >1000-1500, > 1500
(ng/mL).  These samples were cryopreserved, thawed and then
simultaneously analyzed on the Roche Cobas© 8000 and by
ELISA as above for correlation analysis by each technique. 

Statistical analysis 
Univariate probabilities of PFS and OS were calculated using the

Kaplan-Meier estimator with variance estimated by Greenwood’s
formula. Probabilities of acute GvHD, TRM and relapse were cal-
culated using cumulative incidence curves to accommodate com-
peting risks.  Ninety-five percent confidence intervals (95%CI) for
all probabilities and P-values of pairwise comparisons were
derived from pointwise estimates and calculated using standard
techniques. Pearson correlation coefficients were generated and
compared for each biomarker and standard clinical characteristics.
Multivariate Cox models were fit for each outcome of interest
after adjusting for clinical characteristics by stepwise regression,
omitting the biomarkers.  We modeled biomarkers in several
ways.  First, the analysis used protocol specified biomarker cut-off
points, entering each biomarker individually and generating haz-
ard ratios, 95% confidence intervals (CI) and probability values for
each. Second, the functional form of the relationship between
each biomarker and TRM was determined using splines by exam-
ining Martingale residual plots, and considering potential interac-
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tions, leading to models with an optimal threshold. Finally, we
constructed a combined model using optimal biomarker levels in
their final functional form entered in the multivariate model simul-
taneously.  Risk factors with P<0.05 were included in the model.
All computations were performed using the statistical package
SAS v.9.1. Linear regression was used to correlate CRP and ferritin
values by ELISA and chemistry procedures. Due to variability at
very high values, prior to regression, biomarkers underwent log
transformation.  

Results

Patients’ characteristics
Table 1 summarizes baseline characteristics of the study

cohort.  In brief, the median age was 50 years (range 18-78
years) among the 784 patients across 98 centers. Most sub-
jects were Caucasian (95%), and received myeloablative
regimens (72%).  The primary disease indication was
AML (80%), and the major graft source was peripheral
blood (83%). Median follow up was 38 months.

Biomarker levels and correlations
Almost all patients were evaluable for CRP (99.9%) and

ferritin (99.6%) by ELISA.  The transplant centers supplied
albumin results in 88.6% of patients. The median values
were 5.0 mg/L for CRP, 1148 ng/dL for ferritin and 3.6
g/dL for albumin (Table 1). Table 2 shows the correlation
of biomarkers and clinical factors.  A modest correlation
was found between CRP and ferritin (r=0.35, P<0.001) and
inverse association with albumin (r=-0.12, P=0.002).  In
addition, CRP and albumin were not associated with
patient age, HCT-CI, disease or conditioning intensity.
Higher log ferritin was significantly associated with
greater comorbidity by HCT-CI (P=0.014) and AML rela-
tive to MDS (P<0.001). 
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Table 1. Baseline characteristics for AML and MDS patients undergo-
ing unrelated donor hematopoietic cell transplantation.
Patients' characteristics                                           N (%)

Number of patients                                                                  784
Number of centers                                                                   98
Age, median (range), years                                             50 (18-78)
18-50                                                                                        400 (51)
>50                                                                                          384 (49)
Male                                                                                        402 (51)
Race                                                                                                
Caucasian                                                                               743 (95)
Non-Caucasian or unknown                                               41  ( 5)
HCT-CI                                                                                            
0                                                                                               266 (34)
1-2                                                                                            244 (31)
≥3                                                                                            274 (35)
Karnofsky score                                                                           
≥ 90%                                                                                      503 (64)
<90%                                                                                       247 (32)
Missing                                                                                     34 (4)
Time from diagnosis to treatment, 
median (range), months                                                   6 (1-291)
<12 months                                                                           579 (74)
≥12 months                                                                           205 (26)
Disease                                                                                          
AML                                                                                         626 (80)
MDS                                                                                         158 (20)
AML disease status at transplant                                            
AML early                                                                               441 (70)
AML intermediate                                                                185 (30)
MDS transplant indication                                                         
MDS early                                                                               80 (51)
MDS advanced                                                                       78 (49)
HLA match (HLA-A, B, C, DRB1)                                              
HLA 7/8                                                                                   177 (23)
HLA 8/8                                                                                   607 (77)
Donor/recipient sex match                                                       
M-M                                                                                         290 (37)
F-M                                                                                          110 (14)
M-F                                                                                          246 (31)
F-F                                                                                           136 (17)
Missing                                                                                     2 (<1)
Donor/recipient CMV serological status                               
-/-                                                                                              236 (30)
+/+                                                                                          179 (23)
+/-                                                                                             78 (10)
-/+                                                                                            247 (35)
Unknown                                                                                  17 ( 2)
Graft type                                                                                       
Bone marrow                                                                        136 (17)
Peripheral blood                                                                  648 (83)
Conditioning regimen intensity                                                
Myeloablative                                                                        566 (72)
Reduced intensity                                                                168 (21)
Non-myeloablative                                                                 50 (6)
Conditioning regimen                                                                 
MA Flu+Bu+/-other                                                            207 (26)
MA Bu+cy+/-other                                                              183 (23)
MA Cy+TBI+/-other                                                            155 (20)
MA other                                                                                  21 (3)
RIC Flu+Bu+/-other                                                           106 (14)
RIC Flu+Mel+/- other                                                          38 (5)
RIC other                                                                                 24 (3)
NMA Flu+TBI+/-other                                                          22 (3)

NMA TLI+/-other                                                                   11 (1)
NMA other                                                                               17 (2)
GvHD prophylaxis                                                                        
Calcineurin inhibitor +MTX+/-other                              505 (64)
Calcineurin inhibitor +/-other (no MTX)                      265 (34)
Other a                                                                                      14 (2)
Biomarkers                                                                                   
C-reactive protein, median (range),                         5.0 (0.3-316.3)
mg/L (n=783)                                                                               
Ferritin, median (range),                                           1148 (51-14298)
ng/mL (n=781)                                                                             
Albumin reported by centers,                                       3.6 (0.6-5.3)
median (range), g/dL (n=695)                                                 
Year of transplant                                                                        
2008                                                                                         160 (20)
2009                                                                                         362 (46)
2010                                                                                         262 (33)
Median follow up of survivors, range, months             38 (5-61)
HCT-CI: hematopoietic cell transplant-comorbidity index;  AML: acute myeloid leukemia;
MDS: myelodysplastic syndromes; HLA: human leukocyte antigen; M: male; F: female;
CMV: cytomegalovirus; Flu: fludarabine; Bu: busulfan, Cy: cyclophosphamide; Mel: mel-
phalan; TBI: total body irradiation; TLI: total lymphoid irradiation; MTX: methotrexate;
AML early disease: first complete remission; AML intermediate disease: second com-
plete remission or greater; MDS early disease: refractory anemia or refractory anemia
with ring sideroblasts; MDS advanced disease: refractory anemia with excess blasts or
chronic myelomonocytic leukemia; GvHD: graft-versus-host disease; MA: myeloablative;
RIC: reduced intensity conditioning; NMA: non-myeloablative. Blasts < 5% at time of
transplant for all MDS patients. aIncluding: corticosteroids, monoclonal antibody,
mycophenolate mofetil, sirolimus, ursodiol. 



Overall outcomes 
The cumulative incidence of acute GvHD grades II-IV

was 43% (95%CI: 39%-46%) and grade III-IV was 15%
(95%CI: 13%-18%) at 100 days.  Transplant-related mor-
tality was 18% (95%CI: 16%-21%) at one year and 25%
(95%CI: 22%-28%) at three years. Progression-free sur-
vival ranged from 57% (95%CI: 54%-61%) at one year to
45% (95%CI:  43%-49%) at three years, whereas 1-year
survival was 65% (95%CI: 62%-68%) and 3-year survival
was 49% (95%CI: 45%-52%).

Multivariate analysis of outcomes
Table 3 summarizes the multivariate analysis adjusted

for clinical factors for TRM and OS for the biomarkers. We
validated the association of greater TRM for CRP above 10
mg/L (P=0.008) and albumin less than 3.5 g/L (P=0.01) but
not for ferritin above 2500 ng/mL (P=0.27), seen in only a
small fraction of patients (12%), ferritin levels exceeded
2500 ng/mL. Only hypoalbuminemia was associated with
worse OS as CRP was of borderline significance (P=0.07).
The optimally defined biomarker thresholds to predict
TRM in unadjusted models specified CRP more than 3.67
mg/dL (P=0.01), linear ferritin (P=0.07) after log transfor-
mation and albumin less than 3.4 g/dL (P=0.004). 

A combined model incorporated all three biomarkers at
these optimal cut-off points and adjusted for significant
clinical factors. Higher comorbidity (HCT-CI of 3 or more
vs. HCT-CI of 0) was of borderline significance for OS
(HR=1.27, 95%CI: 0.99-1.6, P=0.06) without a significant
effect on TRM (HR=1.14, 95%CI: 0.79-1.6, P=0.48).
Inclusion of HCT-CI did not materially influence the bio-
markers effects in this model. The optimal biomarker
thresholds for TRM also adversely influenced OS (Table
3). None of the biomarkers, either at pre-specified or opti-
mal thresholds, were associated with relapse or incidence
of acute GvHD, either grade II-IV or grade III-IV (data not
shown).   

Biomarker Risk Score
To improve clinical use for prognostication and create a

simpler tool for future studies, we next generated a 3-level
risk group for TRM based on a biomarker panel alone
applying the following formula: Panel
=0.44633*I(CRP>3.67) + 0.18330*ln(ferritin) +
0.44730*I(albumin<3.4), where I() is an indicator function
which has the value 1 if the expression in parentheses is
true, and 0 otherwise. The ROC characteristics of this 3-
level panel on day 180 TRM of low (panel<=1.5, n=200),
intermediate (1.5<panel<=2.0, n=331), and high

(panel>2.0, n=159) biomarker risk panel group were simi-
lar to those employing a continuous biomarker panel (data
not shown). The area under the ROC curve was 0.61, 0.65,
and 0.68 for models using only the biomarker panel, only
clinical characteristics, and both, respectively (Figure 1).
The high-risk biomarker panel group exacted a similar or
greater toll on TRM (HR=2.72, P<0.001) among known
factors (Online Supplementary Table S1).  Clinical character-
istics and biomarkers thus may provide added utility for
predicting TRM. The multivariate analyses of this bio-
marker panel are provided in Table 3 for TRM and OS.
Figure 2 depicts TRM (Figure 2A) and overall survival
(Figure 2B) by each group showing significantly different
survival when grouped according to biomarker alone.
Clinically, 1-year survival was 74%, 67% and 56% by
low, intermediate and high biomarker scores, respectively.
Figure 3 shows the significant association of this biomark-
er panel on OS (Figure 3A and B) and TRM (Figure 3C and
D) for both myeloablative and reduced intensity/non-
myeloablative regimens. 

Finally, we summarized causes of death for each bio-
marker category (Online Supplementary Table S2).  Most
causes of non-relapse death appeared relatively similar
including GvHD, except perhaps a greater fraction of
“organ failure” for high biomarker panel risk patients. 

Correlation of biomarkers by automated methods 
and ELISA

We performed a pairwise analysis of 80 samples for CRP
and 73 samples for ferritin unrelated to these study sam-
ples by ELISA and automated chemistry.  The R squared
for CRP and ferritin were both 95% and Online
Supplementary Figures S1 and S2 depict scatterplots for
each.  CRP by ELISA of 10 mg/L (protocol-defined) and
3.67 mg/L (optimal threshold) corresponding to a calculat-
ed chemistry value of 8.45 mg/L and 3.54 mg/L, respec-
tively.  Applying the corresponding chemistry values for
ELISA-derived CRP and ferritin would give a slightly mod-
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Figure 1. Receiver operating characteristic (ROC) curves for day 180 transplant-
related mortality for three groups: biomarker panel group alone (panel gp only),
clinical characteristics alone, or both [panel group (gp) and clinical characteris-
tics].

Table 2. Association of biomarkers with clinical characteristics.
Log (CRP) Log (Ferritin) Albumin

Characteristic P P P 

Biomarker
Log (ferritin) <0.001 - 0.086
Albumin 0.002* - -

Clinical characteristics
Older age 0.49 0.12 0.42
Higher HCT-CI 0.065 0.014 0.12
Disease, AML vs. MDS 0.399 <0.001 0.89
Conditioning 0.95 0.98 0.96
HCT-CI: hematopoietic cell transplant-comorbidity index; AML: acute myeloid
leukemia; MDS myelodysplastic syndromes.*Inverse correlation. 

ROC for Day 180 TRM, 
using Grouped Biomarker Panel



ified biomarker risk panel as follows: Panel
=0.44633*I(CRP_Chemistry>3.54) + 0.07184+0.19646
*ln(ferritin_Chemistry) + 0.44730*I(albumin<3.4), where
I() is an indicator function which has the value 1 if the
expression in parentheses is true, and 0 otherwise. CRP
converts to more than 3.0 g/dL assuming the values are
reported as an integer in mg/L. Thus, for future studies or
clinical use for biomarkers analyzed by routine automated
chemistry methods, this formula may be preferred.

Discussion

We report the first validation study regarding the impact
of simple, clinically available, serum biomarkers of CRP,
ferritin and albumin obtained prior to allogeneic transplant
conditioning transplant on subsequent outcomes.  We
confirmed that the protocol-specified thresholds of CRP
more than 10 mg/L and albumin less than 3.5 g/dL each
predicted for approximately 50% greater risks of TRM
independent of clinical factors.  Hypoalbuminemia
showed a stronger association with inferior survival
(P=0.002) whereas the significance for CRP more than 10
mg/L was borderline (P=0.072).   Ferritin in excess of 2500
ng/mL did not heighten risks of TRM or impair survival.
None of the biomarkers significantly affected relapse or
acute GvHD suggesting abnormal biomarkers represent a
non-specific vulnerability to transplant toxicity.

Variability of biomarker thresholds and lack of valida-
tion have hampered adoption of biomarkers as prognostic
tools in practice.  For validation, we initially specified
thresholds based on the published literature.  The lack of
an association of ferritin and outcome contradicts prior
reports and underscores the critical importance of confir-
matory findings.  Ferritin thresholds in prior reports cov-
ered a range of 500 ng/mL to above 2600 ng/mL;14,19-21 we
elected to approximate the inflection point originally
reported by Armand et al. in similar patients.  In the study
by Vaughn et al. and a meta-analysis, ferritin of 1000
ng/mL best stratified for outcome.22,23 Still, even at a
threshold of 1000 ng/mL, we found no association with
OS (HR=1.02, P=0.92), arguing against the prognostic
value of a discrete ferritin cut-off point in myeloid malig-
nancy patients undergoing allogeneic HCT. Prior studies
likely have been biased as testing may have been per-
formed as clinically indicated, enriching for patients at risk
of iron overload and/or complications. For example, in the
original Armand report, ferritin was available in 64% and
a recent study by Vaughn et al. revealed serum ferritin only
evaluable in 50%.23 Furthermore, most studies select a cut-
off point best fitting the available data which also tends to
overestimate effects. 

We next explored optimal biomarker thresholds and
established CRP more than 3.67 mg/L, linear ferritin after
log transformation and albumin less than 3.4 g/dL best
predicted for TRM. These optimal biomarker thresholds
for TRM generally held for an adverse effect on overall
survival.   Patients with high-risk biomarker scores fared
worse after myeloablative or reduced intensity/non-mye-
loablative regimens, although the effects may have been
more pronounced after myeloablative rgimens.

The HCT-CI is perhaps the best established factor7 pre-
dicting transplant-related mortality, and the report by
Vaughn et al. showing ferritin, platelet count and albumin
augment HCT-CI reinforces our findings.23 Although the

HCT-CI was only of borderline significance for OS, this
was attributable to the less robust sample size as the haz-
ard ratio of 1.27 for higher comorbidity mirrored recent
registry studies with larger samples.24 Additional tools to
estimate TRM, such as Geriatric Assessment (GA), likely
further refine prognostication in older adults but CRP and
albumin retain prognostic significance when considering
GA.10,25 Biomarkers will likely supplement rather than
replace the HCT-CI. Therefore, a wealth of date now sup-
port biomarkers as independently prognostic for TRM and
survival in the allogeneic HCT setting independent of all
clinical factors studied.  
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Figure 2. Outcomes after unrelated donor allogeneic transplant in each bio-
marker risk score group. (A) Transplant related mortality for low, intermediate
and high biomarker risk panel group. (B) Overall survival for low, intermediate
and high biomarker risk panel group.

P<0.001

P<0.001

A

B



A biomarker-based panel for risk stratification would be
a clinically valuable tool and thus confirmatory studies are
critically important.  Objective and accurate estimates of
low rates of early TRM would reassure both patients and
providers in considering allogeneic HCT especially in
older patients where transplant rates are very low.26

Conversely, patients at high risk of TRM should proceed

with caution, contemplate avoiding myeloablative regi-
mens, pursue more thorough evaluation by Geriatric
Assessment, or escalate post-transplant monitoring.  The
ready clinical availability of these laboratory tests position
biomarkers well to facilitate comparison of patient popu-
lations in prospective studies or even retrospectively when
data and/or samples are available.  
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Table 3. Multivariate analysis of transplant-related mortality and overall survival for biomarkers and Biomarker Panel Risk Score.*
Abnormal, Transplant-related mortality* Overall survival*

N (%)
Biomarker HR 95% CI P HR 95% CI P

Validation thresholds
CRP >10 mg/L 184 (24) 1.52 1.11-2.07 0.008 1.22 0.98-1.53 0.072
Ferritin >2500 ng/mL 93 (12) 1.26 0.84-1.88 0.27 1.15 0.86-1.54 0.35
Albumin < 3.5 g/dL 290 (42) 1.48 1.10-2.0 0.010 1.39 1.13-1.72 0.002

Optimal threshold, combined model**
CRP >3.67 mg/L 497 (64) 1.56 1.11-2.19 0.010 1.25 1.00-1.56 0.047
Log (ferritin), linear n/a 1.20 0.99-1.46 0.07 1.20 1.05-1.38 0.009
<3.4 g/dL 203 (29.5) 1.56 1.15-2.13 0.004 1.38 1.10-1.72 0.005

Biomarker Score** N
Low (<1.5) 200 1.0 - - 1.0
Intermediate (1.5-2.0) 331 1.66 1.10-2.49 0.015 1.38 1.06-1.80 0.017
High (>2.0) 159 2.72 1.77-4.19 <0.001 2.01 1.51-2.70 <0.001
CRP: C-reactive protein; n/a: not applicable; HR: Hazards Ratio; CI: confidence interval. *Transplant-related mortality adjusted for Body Mass Index (BMI), disease, HLA mismatch,
and D/R CMV; stratified on conditioning regimen. Overall survival adjusted for BMI, age, disease/status, HLA mismatch, and sex match; stratified on conditioning regimen.
**Combined models and Biomarker Score includes all biomarkers.

Figure 3. Overall survival for low, intermediate and high biomarker risk panel groups in myeloablative (MA) conditioning cohort (A) and reduced intensity/non-
myeloablative regimen cohorts (NMA) (B). Transplant-related mortality for low, intermediate and high biomarker risk panel groups in MA conditioning cohort (C) and
reduced intensity/NMA regimen cohorts (D). 

P=0.03

P=0.01P<0.001

P<0.001

A B

C DTransplant-related Mortality, MA Transplant-related Mortality, NMA

Overall Survival, NMAOverall Survival, MA



This study has several limitations. Although the bio-
marker panel demonstrated a profound effect on TRM
beyond all clinical factors (HR=2.7), this must be validat-
ed, especially with different diseases and conditioning reg-
imens.  We opted to include ferritin in our final biomarker
panel even though there was only a borderline association
with TRM (P=0.07) as the association with survival was
strong (P=0.009). Future studies should examine the utility
of measuring biomarkers earlier, such as at the time of
transplant referral. The analysis and cut-off points utilized
ELISA-generated values from cryopreserved samples.  As
data comparing these methods were limited, we initiated
a sub-study using entirely different samples and found a
very strong correlation of ELISA and automated chem-
istry, as suggested in prior studies.27,28 As centers begin to
perform and use these biomarkers routinely in the clinical
laboratory, these data provide reassurance that CRP and
ferritin likely approximate the values in this report.

The biological drivers for abnormal biomarkers includ-
ing inflammation, iron burden, nutritional status, infection
and genetic polymorphisms require further exploration
and are critically important in moving beyond patient
selection and toward mitigating adverse outcomes in
those at heightened risk.  Inflammation may be a central
theme, yet the modest correlations of biomarkers to each
other and prognostically independent effects of each bio-
marker support the role of non-inflammatory pathways as
well. Even then, inflammation can be influenced by diver-
gent pathways of infection, hepatic sources, the primary
disease, or genetic origins. The notion of high ferritin as
merely a measure of high iron stores appears too simplis-
tic, as high levels of iron stores evaluated according to liver
iron content do not solely contribute to adverse
outcomes.22,29 Albumin crudely estimates nutrition and
more broadly reflects the equilibrium between protein
synthesis and catabolism. Poor nutrition itself can result
from a multitude of factors and organ dysfunctions.
Finally, low albumin increases bioavailability of drugs and
could increase toxicity. Future studies elucidating the
pathophysiology of biomarkers before transplant may
guide biomarker-driven interventional studies to amelio-
rate the increased risks of TRM. For example, statins have
been tested to dampen inflammation in those with elevat-
ed CRP.30

In summary, pre-transplant CRP and albumin independ-
ently predict for greater TRM but not high ferritin. The
association of a new biomarker risk score based on opti-
mal thresholds for ferritin, CRP and albumin on higher

risks of TRM and inferior survival should be validated in
independent populations. Future research should investi-
gate the biology underlying biomarker abnormalities to
design studies to mitigate the high risks of TRM. 
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