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Novel factors to predict respiratory viral disease progression in
allogeneic hematopoietic cell transplant recipients
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We assessed novel factors and the immunodeficiency scoring index (ISI) to predict progression to lower respiratory tract infection
(LRTI) among hematopoietic cell transplant (HCT) recipients presenting with upper respiratory tract infection (URTI) with 12 viruses
in the PCR era. We retrospectively analyzed the first respiratory virus detected by multiplex PCR in allogeneic HCT recipients (4/
2008–9/2018). We used Cox proportional hazards models to examine factors for progression to LRTI within 90 days among patients
presenting with URTI. A total of 1027 patients (216 children and 811 adults) presented with URTI only. Among these, 189 (18%)
progressed to LRTI (median: 12 days). Multivariable models demonstrated a history of >1 transplant, age ≥40 years, time post-HCT
(≤30 days), systemic steroids, hypoalbuminemia, hyperglycemia, cytopenia, and high ISI (scores 7–12) were associated with an
increased risk of progression to LRTI. Respiratory syncytial virus and human metapneumovirus showed the highest progression risk.
Patients with ≥3 independent risk factors or high ISI scores were highly likely to progress to LRTI. We identified novel risk factors for
progression to LRTI, including history of multiple transplants and hyperglycemia, suggesting an intervention opportunity with
glycemic control. ISI and number of risk factors appear to predict disease progression across several viruses.

Bone Marrow Transplantation (2022) 57:649–657; https://doi.org/10.1038/s41409-022-01575-z

INTRODUCTION
The significant impact of viral lower respiratory tract infections
(LRTI) on morbidity and mortality in hematopoietic cell transplant
(HCT) recipients is now widely appreciated [1]. Risk factors for the
development of LRTI for various viruses have been identified [1–3].
A scoring system, the immunodeficiency scoring index (ISI), was
originally developed to predict risk of progression to LRTI in HCT
recipients who present with respiratory syncytial virus (RSV) upper
respiratory tract infection (URTI) without concomitant LRTI [4]. The
score has been subsequently evaluated for different viruses in
different cohorts [5–10]. However, most studies were relatively
small, and importantly, included patients with LRTI present at
initial evaluation, which differed from the original method. For
clinical practice and design of early intervention strategies,
assessments of risk factors for progression to LRTI at URTI stage
are particularly relevant.
Hyperglycemia has been recognized as a prognostic factor for

poor outcomes in patients with SARS-CoV-2 [11–13]; however, it
has not been well studied as a risk factor for progression to LRTI in
HCT recipients except recently for seasonal coronaviruses [14].
Simultaneously, repeated transplants have become more common
but the impact of this on progression is unknown. Limited data
exist regarding the relative risk of progression to LRTI by type of
virus among patients presenting with URTI, especially in the
molecular diagnostic era.

The objective of this study was to identify novel risk factors for
progression to LRTI and examine the applicability of the ISI to
other viruses in allogeneic HCT recipients presenting with viral
URTI. We aimed to assess the probability of LRTI development by
virus type and compare the performance of a simplified scoring
system based on easily accessible criteria.

METHODS
Study design
We reviewed medical records from pediatric and adult allogeneic HCT
recipients whose first respiratory viral infection was identified by molecular
testing from upper respiratory tract samples post-HCT. Patients presenting
with LRTI were excluded. Transplant recipients were identified from
2 separate cohorts at Fred Hutchinson Cancer Research Center (Fred
Hutch). The first cohort included patients undergoing transplant between
July 2009-September 2018 who had respiratory tract samples collected
and tested for clinical purposes. Our standard of care is to perform
multiplex PCR using upper respiratory tract samples in patients with
respiratory symptoms. The second cohort was a subset of patients from a
prospective surveillance study of allogeneic HCT recipients undergoing
transplant from April 2008-February 2010 in which standardized respira-
tory symptom surveys and multiplex respiratory PCR tests were performed
pre-HCT, weekly during the first 100 days post-HCT, and at least every
3 months through 1 year post-HCT [15]. Clinical samples were also
collected in this group at clinicians’ discretion if respiratory symptoms
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were noted. For the current study, we included only subjects with
respiratory symptoms at the time of first respiratory virus detection from
these cohorts. Demographic and clinical data were extracted from Fred
Hutch’s database and medical chart review. The study was approved by
the Institutional Review Board at Fred Hutch.

Laboratory testing
Upper (nasal washes combined with throat swab or swab from nasal mid
turbinate) and lower (bronchoalveolar lavage or lung biopsy) respiratory
tract samples were tested by multiplex semi-quantitative, reverse
transcription-PCR for 12 respiratory viruses [15–17]. All PCR reactions were
performed according to College of American Pathologists standards.

Definitions
URTI was defined as virus detection in an upper respiratory tract sample with
respiratory symptoms. Proven or probable LRTI was defined as having virus
detected from a lower respiratory tract sample with or without new
pulmonary infiltrates by chest radiography, respectively [18]. Possible LRTI
was defined as having virus detected from an upper respiratory tract sample
with new pulmonary infiltrates but without confirmation of virus in a lower
respiratory tract sample. Patients who met criteria for LRTI within 1 day of
URTI were considered to have LRTI at presentation and were excluded [19].
The index transplant was the first occurring during the study period. The time
interval between transplants in patients was not restricted. A copathogen in
blood was defined as a pathogen or antigen (bacteria, fungi, virus,
galactomannan enzyme-linked immunosorbent assay) detected in blood
samples obtained within 2 days of URTI diagnosis [18]. The most recent
values of blood cell counts, highest serum glucose (>200mg/dL) and lowest
serum albumin (<= 3 g/dL) values within 2 weeks before URTI were recorded
[20]. Similarly, highest daily systemic steroid dose and use of oral budesonide
and/or beclomethasone within 2 weeks prior to URTI were collected.

Statistical analysis
The probability of progression to LRTI among patients who presented with
URTI was estimated by cumulative incidence curves, treating death as a
competing risk. Gray’s test compared cumulative incidence probabilities
between categories. Fine and Gray versions of Cox proportional hazards
models were used to estimate unadjusted and adjusted hazard ratios (HRs)
for progression to LRTI within 90 days of URTI. Covariates with P values <
0.05 in univariable analyses were candidates for inclusion in the
multivariable models unless variables deemed in similar causal pathways.
ISI and components of ISI (e.g., steroid use, blood cell counts) were not
included in the same models [4]. Separately, multivariable Cox regression
models without ISI evaluated each risk factor candidate. Since serum
glucose level and steroid dose are likely correlated, we also performed a
sensitivity analysis using a composite variable for glucose value and steroid
dose to evaluate joint effects of each level. Two-sided P values < 0.05 were
considered statistically significant. All statistical analyses were performed
using SAS 9.4 for Windows (SAS Institute, Cary, NC). Original data are
available by request to the corresponding author.

RESULTS
Patient characteristics and LRTI
Among 2552 patients undergoing allogeneic HCT during the study
period, 1027 patients (216 children and 811 adults) met the study
inclusion criteria. Characteristics of each infection group by virus
type are shown in Table 1 and Supplementary Table 1. Among
1027 patients who presented with URTI, human rhinovirus (HRV)
was the most common virus detected, followed by parainfluenza
viruses (PIV) and seasonal coronaviruses; 189 (18%) progressed to
LRTI within 90 days (median: 12 days, interquartile range:
6–24 days)(Fig. 1a). Figure 1b shows the incidence rate of LRTI
after first infection by each virus among 2552 allogeneic HCT
recipients. These data also included patients who presented with
LRTI. The highest incidence of LRTI was seen with HRV (6.2%),
followed by PIV (4.7%) and RSV (3.6%).

History of multiple HCT
Among 1,027 patients who presented with URTI, 157 (15%)
patients had a history of multiple HCTs, and 15 patients (1.5%) had

undergone >= 3 transplants (Supplementary Table 2). Non-
Hodgkin lymphoma (NHL) (45/157, 29%) and multiple myeloma
(52/157, 33%) were the most common indications for second
transplant. This reflects institutional practice and clinical trials
open during the study period using tandem autologous transplant
followed by non-myeloablative allogeneic transplant for high-risk
multiple myeloma and NHL patients. The median interval between
prior and recent HCT was 176 days with a range of 41–8001 days.
Seventy-nine percent of patients with >1 HCT (124) received non-
myeloablative conditioning, and the majority (121) had myeloa-
blative conditioning during prior HCTs. Among patients with
multiple HCTs, the rate of progression to LRTI was 24% (23/97) in
those with multiple myeloma or NHL and 28% (17/60) in those
with other underlying diseases (Supplementary Table 3).

ISI to predict progression to LRTI
Variables evaluated in univariable Cox models to identify factors
associated with progression to LRTI are shown in Supplementary
Table 4. In multivariable models, history of >1 HCT, hypoalbumi-
nemia (<=3 g/dL), hyperglycemia (highest glucose >200 mg/dL),
high ISI (scores 7–12), RSV, and human metapneumovirus
infections (compared to HRV) were associated with an increased
risk of progression to LRTI (Fig. 2). COV was associated with a
lower risk of progression. The risk of the outcome did not
significantly differ between the moderate ISI group (scores 3–6)
and the low ISI group (scores 0–2). The cumulative incidence plots
of progression to LRTI stratified by ISI overall and for each virus are
shown in Fig. 3 and Supplementary Fig. 1. Overall, patients in the
high ISI group appeared more likely to progress to LRTI across
several viruses; trends for COV, human metapneumovirus, and
multiple viruses were less clear.

Risk factors and risk stratification for progression to LRTI
We performed multivariable models without ISI by including
candidate risk factors of ISI. Among variables significant in
univariable models, we excluded variables potentially in similar
causal pathways. Further description of the risk factors evaluated
are included in Supplementary materials. Figure 4 shows the
results of both multivariable models 1 and 2 for each cytopenia
variable. Overall, results were similar in both models. Independent
risk factors identified were age >= 40 years, albumin <= 3 g/dL, a
history of multiple HCT, systemic steroid use, early timing post-
HCT (<= 30 days), lymphopenia (<= 100 × 106 cells/L) and/or
monocytopenia (<= 100 × 106 cells/L), and respiratory viruses
other than COV. Highest glucose >200mg/dL was significant in
model 2 with monocytopenia variable; the association was
borderline in model 1 with lymphopenia variable (p= 0.051).
We then analyzed progression rates using monocytopenia

(model 2), according to number of risk factors present at the URTI
diagnosis for overall and each virus type (Fig. 3, Supplementary
Fig. 1). Few patients progressed to LRTI in groups with zero or one
risk factor, whereas higher progression rates were observed with
>= 3 risk factors, except for patients with multiple viruses where
trends were unclear.

Joint effects of glucose level and steroid dose on progression
to LRTI
Given the collinearity between glucose level and steroid dose, we
performed a sensitivity multivariable analysis using a composite
variable for glucose levels and steroid doses to evaluate both
factors. As an adjustment factor, we chose lymphopenia (<=
200 × 106 cells/L), a commonly used cutoff [4, 9, 21]. All combina-
tions of glucose levels and steroid dose groups were associated
with significantly higher hazard ratios compared to the group with
no steroid and glucose <= 200 mg/dL except the group with
steroid >=1mg/kg and glucose > 200mg/dL (not significantly
higher, p= 0.058; Supplementary Fig. 2). We created cumulative
incidence plots of progression to LRTI according to the highest
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glucose value with 200 mg/dL as a cut-off for each virus type
(Supplementary Fig. 3). Groups with higher glucose progressed to
LRTI at higher rates for HRV and PIV; cumulative incidence
estimates reached higher values for the higher glucose group with
other viruses but differences were not significant.

DISCUSSION
This study identified novel risk factors for viral disease progression
to LRTI in allogeneic HCT recipients, including a history of multiple
transplants and hyperglycemia, based on multivariable models. ISI
appears to predict patients at risk for progression to LRTI for
several viruses, including RSV, HRV, PIV and adenovirus. We also
documented that patients with >= 3 independent risk factors are
highly likely to progress to LRTI.
Surprisingly, a history of multiple transplants has not been

recognized as a risk factor for viral progression to LRTI or other

serious infections in HCT recipients [14], although multiple
transplants are becoming more common with newer conditioning
regimens. Our finding intuitively makes sense, since those
undergoing repeated transplants are subject to additional
cumulative impacts of chemotherapy, radiation and conditioning.
In our cohort, the majority of patients were adults who received a
myeloablative conditioning regimen prior to non-myeloablative
conditioning regimen. Patients with multiple myeloma or NHL
often undergo tandem autologous HCT followed by nonmyeloa-
blative allogeneic HCT. Since those patients tend to have intrinsic
B cell dysfunction or receive B cell-targeted chemotherapy, we
hypothesized those patients might have higher rates of LRTI
progression given prolonged B-cell dysfunction. In fact, there was
a higher proportion of multiple myeloma or NHL (97/157, 62%) in
patients with multiple HCTs than those with single HCT (28/870,
3%). However, among those with multiple HCTs, the rate of
progression to LRTI appeared lower in patients with multiple
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indicates type of virus. *Only the LRTI developed from the first infection following allogeneic HCT was counted as an LRTI incident (Y axis). All
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Fig. 2 Multivariable Cox proportional hazards models for progression to viral LRTI including immunodeficiency scoring index. †Defined
as a pathogen or antigen (bacteria, fungi, virus, Aspergillus galactomannan enzyme-linked immunosorbent assay) detected in a blood within
2 days of upper respiratory tract infection diagnosis. ǂUsing values within 2 weeks before upper respiratory tract infection diagnosis. § at
upper respiratory tract infection diagnosis. Components of immunodeficiency scoring index with assigned scores are as follows: absolute
neutrophil count of less than 500 × 106 cells/L (3), absolute lymphocyte count of less than 200 × 106 cells/L (3), age of 40 years or greater (2),
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Fig. 3 Cumulative incidence of progression to LRTI within 90 days among patients presenting with URTI by virus type, stratified by
immunodeficiency scoring index as well as number of risk factors. Gray’s test was used to compare cumulative incidence probabilities
between categories. Risk factors were age >= 40 years, albumin <= 3 g/dL, a history of multiple HCT, systemic steroid use, early timing post-
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myeloma or NHL (23/97, 24%) compared to those with other
underlying diseases (17/60, 28%). Notably, the significance of the
association remained after adjustments (age, cytopenia, and
timing of infection), suggesting that some unrecognized elements
may play a role. Further studies are warranted to explore this
intriguing finding.
Less data exist regarding hyperglycemia for respiratory viral

disease progression in immunocompromised hosts. Human and
animal studies suggest that diabetes is a risk factor for severe
influenza infections [22, 23]. Hyperglycemia is a prognostic factor
for poor outcomes in patients with SARS-CoV-2, regardless of
history of diabetes [11–13], and recent studies indicated
hyperglycemia with steroid use is a strong predictor of seasonal
coronavirus disease progression in allogeneic HCT recipients [14].
The mechanism of hyperglycemia affecting innate immunity is not
known [24–26]. Our multivariable models demonstrated a
significant association between hyperglycemia and progression
to LRTI, with a higher risk for progression to LRTI seen across
several viruses (Supplementary Fig. 3). However, trends are less
clear for certain viruses with smaller cohorts.
Since hyperglycemia is associated with steroid use and higher

doses of steroid use is a well-known risk factor disease progression
in HCT recipients [3, 19, 27], we attempted to assess the effect of
hyperglycemia independently from steroid dose. Overall, our
models showed a positive association between hyperglycemia
and LRTI outcomes. However, the trend was not observed for the
high steroid dose group. Although an effect of hyperglycemia
independent from systemic steroids may be present, the relation-
ship is not clear and it is possible that its impact on LRTI outcome
differs by type of virus. Further studies could more fully assess
additional effects of hyperglycemia.
We also determined which viruses were more likely to progress

to LRTI at URTI stage using sensitive molecular diagnostics.
Previous manuscripts have summarized progression rates for each
virus [28–30]. However, progression rate data are derived primarily
from past studies where differences in LRTI outcome definitions,
risk factors, and treatment and diagnostic approaches were
present. Because previous data may come from the pre-
molecular diagnostic era, some viruses and particularly coinfec-
tions were likely not fully assessed. We have been consistently
utilizing multiplex PCR for clinically relevant respiratory viruses for

over a decade, allowing us to more consistently identify LRTI risk
factors. Our observations are consistent with previously reported
progression rates by virus type. In immunocompetent children,
there is not convincing evidence that respiratory viral copatho-
gens are associated with increased risk of disease severity [31, 32].
It is possible that an immune response (antiviral cytokines such as
interferon) to one virus could modify the disease severity of the
other virus [32], but it is unclear whether detection of multiple
viruses at URTI stage is more or less likely to progress to LRTI in
immunocompromised hosts. Based on our multivariable models,
HCT recipients with multiple viruses detected to have a similar
probability of progression to LRTI compared to those with only
HRV, PIV, influenza, or adenovirus detected.
We also described the incidence rate of LRTI after first infection

by each virus type in this large cohort. The incidence of HRV LRTI
surpassed that of LRTI due to other viruses. This observation has
been little appreciated [28, 29, 33]. The disease burden of HRV in
this vulnerable population is worthy of comprehensive assess-
ment in this molecular diagnostic era [27, 34].
ISI was originally developed to predict progression to LRTI

among transplant recipients presenting with RSV URTI [4]. The
score has been evaluated for other viruses (e.g., influenza) where
the analyses did not differentiate between patients who
presented with LRTI vs. those who presented with URTI and then
progressed to LRTI [5–10]. Assessing risk factors for progression at
URTI stage is informative for clinical care with consideration of
using potentially toxic antiviral agents (e.g., ribavirin, cidofovir)
and design of early intervention clinical trials from a risk
stratification perspective. In this current report, patients with a
high ISI group are seen to be generally at higher risk for
progression to LRTI. The trends appear stronger for RSV, HRV, PIV,
influenza, and adenovirus. Regarding findings for other viruses, it
is unclear whether different degree of associations between those
risk factors and LRTI outcomes by virus exists, or whether our
results indicate lack of power for subjects within certain virus
groups. Despite the large cohort evaluated in this study, our
sample size does not allow us to perform deeper analysis to tease
out those possibilities.
We also estimated the probability of LRTI progression for each

virus type according to number of risk factors at URTI stage. This
simplified scoring system has been previously proposed for
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Fig. 4 Multivariable Cox proportional hazards models for progression to viral LRTI without immunodeficiency scoring index. Both
adjusted models included same variables except for cytopenia variables (model 1 included lymphocyte counts and model 2 included
monocyte counts). ǂusing values within 2 weeks before upper respiratory tract infection diagnosis. †Use of systemic steroids within 2 weeks
before upper respiratory tract infection diagnosis. § using nearest value within 2 weeks before URTI diagnosis. LRTI Lower respiratory tract
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respiratory disease progression due to PIV [35]. This handy tool
appears to perform similarly well to ISI. Patients with >= 3 risk
factors are more likely to progress to LRTI and the results are
broadly consistent for all virus types except for the group with >1
viruses. This may be due to the clinical heterogeneity within this
group. Further studies are needed to assess whether our risk
stratification model with relatively simple variables can predict
progression to LRTI in other cohorts.
An important finding of this study is that body habitus was not

associated with increased risk of progression to LRTI. Body habitus,
especially obesity, has been reported as a risk factor for severe
respiratory virus infections [36–39]. This has not been well
evaluated in HCT recipients; our results imply other factors are
more important in this highly complex and vulnerable population.
In addition, different types of endpoint in other populations may
explain the inconsistent findings.
This study has several limitations. Despite the large cohort of

allogeneic HCT recipients, the sample size was nonetheless not
large enough to perform multivariable models to fully assess
independent effects of hyperglycemia on LRTI progression from
steroid dose as well as assess the degree to which associations
between risk factors and LRTI outcome differ by virus. Similarly,
the effect of antiviral therapy was not evaluated due to small
numbers. In addition, the timing of antiviral therapy, as well as the
efficacy of each therapy, differ by virus. Lastly, given the nature of
retrospective studies, we cannot rule out the possibility of
unrecognized confounders.
In conclusion, our study significantly improves the ability to

identify patients at risk for progression to LRTI when presenting
with URTI with novel risk factors including history of multiple
transplants and hyperglycemia, providing a potential intervention
opportunity including glycemic control. Risk stratification using
accessible variables can be useful for clinical management and
clinical trials in the current molecular diagnostic era.
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