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Background. Recent advances of graft-versus-host disease prevention strategies have led to improved overall survival after 
hematopoietic cell transplantation (HCT). Whether cytomegalovirus (CMV) viral load continues to predict CMV disease, 
overall mortality, and nonrelapse mortality is poorly defined.

Methods. CMV-seropositive patients undergoing allogeneic HCT between 2007 and 2017 with weekly CMV DNA polymerase 
chain reaction surveillance and preemptive therapy were analyzed. Multivariate Cox proportional hazards models were used to 
estimate the association between CMV viral load by day 100 at different thresholds with CMV disease and overall and 
nonrelapse mortality up to 1 year post-HCT.

Results. Of 1539 patients who received a transplant in the study period, 1349 survived >100 days after HCT and were included 
in the analyses. By day 100 post-HCT, CMV reactivation at any level was observed in 76%, with the lowest incidence at all levels in 
young children. Pediatric patients had significantly less CMV disease compared to the adult population. CMV reactivation was 
associated with a higher risk of CMV disease (adjusted hazard ratio, 6.8 [95% confidence interval, 3.54–13]); it was also 
associated with overall and nonrelapse mortality among day 100 survivors, although the association was diminished recently. 
The strongest correlation was still apparent between viral load and mortality in patients with a viral load >3 log10 and 
lymphocyte count <300 cells/μL.

Conclusions. CMV viral load continued to be a strong predictor for CMV disease. With improved transplantation techniques, 
the association of viral load with overall and nonrelapse mortality is diminished, but the effect was still present in patients with 
severe immunosuppression.
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Cytomegalovirus (CMV) viral load has been accepted as a sur
rogate endpoint for phase 3 clinical trials in hematopoietic cell 
transplant (HCT) recipients due to its association with CMV 
disease and overall mortality (OM) and nonrelapse mortality 
(NRM) after HCT, and recent interventional trials have used 

it as a primary endpoint. However, the data supporting the sur
rogacy claim are derived from older cohorts and trials when 
transplantation techniques differed significantly and OM and 
NRM rates were higher [1–3]. Furthermore, current US Food 
and Drug Administration approvals for pediatric populations 
rely on clinical trials conducted in adult patients, but this pop
ulation lacks detailed data on viral load used as an endpoint. 
With the significant decline in mortality in transplant recipi
ents, the role of CMV viremia as a contributing factor to 
NRM has not been consistently identified [4–7]. However, vi
ral load is now used as a key part of the clinically significant 
CMV infection (csCMV) endpoint in recently completed 
[8–10], ongoing, and planned advanced-stage clinical trials 
of novel agents in HCT recipients for both treatment and 
prophylaxis.

A critical part of the determination of viral load as a surro
gate is the accurate and comprehensive accounting for con
founders and effect modifiers while considering causal 
pathways of the clinical endpoints [11, 12]. Previous studies 
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used only graft-versus-host disease (GVHD) as a marker of the 
underlying immunosuppression. Thus, in the case of the 
association of CMV viral load and mortality endpoints, 
the models need to control for the underlying immunosuppres
sion and the toxicity associated with the antiviral agents used 
for treatment.

This study sought to define the impact of CMV viral load on 
CMV disease and OM and NRM in the era characterized by mod
ern GVHD prevention strategies and improved survival [1] in dif
ferent age groups, including younger children and adolescents. 
We examined this question in a large cohort of patients receiving 
transplant before the adoption of universal prophylaxis, as large 
enough datasets in the letermovir era are slowly emerging [13]. 
We specifically analyzed how immunosuppression, as measured 
by lymphopenia and GVHD severity, and CMV treatment–relat
ed toxicities affect the correlation between CMV viral load and 
CMV disease, NRM, and OM.

METHODS

In this observational, retrospective cohort study, we analyzed 
CMV viremia and clinical outcomes in pediatric and adult pa
tients receiving their first HCT at Fred Hutchinson Cancer 
Center (Fred Hutch; Seattle, Washington, USA) in 2 time peri
ods: 1 January 2007 through 28 February 2013, which estab
lished the association of CMV viral load with NRM and OM 
[14]; and a later period. 1 March 2013 through 31 December 
2017, which constitutes a period reflecting changing transplant 
practices and improved OM and NRM [1]. None of the includ
ed patients received letermovir prophylaxis. Further cohort de
tails are available in the Supplementary Methods [15–17].

Eligible patients were CMV seropositive and provided writ
ten consent to have their clinical data used for retrospective re
search. The study protocol was approved by the Fred Hutch 
Institutional Review Board.

Preemptive antiviral therapy was initiated per institutional 
protocol, when viral load exceeded 50 IU/mL in high-risk 
groups (cord blood or human leukocyte antigen [HLA]– 
mismatched transplants, patients receiving at least 1 mg/kg 
body weight of prednisone or equivalent, or T-cell depletion) 
and when the viral load reached 150 IU/mL in the rest of the 
study population. After 100 days posttransplantation, patients 
who were thought to be at risk of late CMV disease were recom
mended to continue weekly CMV polymerase chain reaction 
(PCR) monitoring and started preemptive therapy if the viral 
load was >250 IU/mL [13]. For cord blood HCT recipients, 
we have used 3 different antiviral prevention strategies since 
2006 involving high-dose valacyclovir and pretransplant val
ganciclovir prophylaxis as well as preemptive therapy at any 
CMV detection, as previously described [18].

Foscarnet-related renal dysfunction was defined as a kidney 
injury (doubling creatinine concentration from baseline) that 

occurred after start of foscarnet treatment or within 14 days af
ter the stop date of treatment [19]. Ganciclovir (GCV)– or val
ganciclovir (VGCV)–related neutropenia was defined as 
nonrelapse-related neutropenia (absolute neutrophil count 
[ANC] <500 cells/μL) after the start of preemptive therapy or 
neutropenia that occurred within 14 days after the end of an an
tiviral treatment for PCR positivity in patients with an ANC 
>1000 cells/μL at the time of CMV infection [20].

Statistical Analysis

Kaplan-Meier and cumulative incidence estimation methods 
were used to initially estimate the incidence of OM and 
NRM, and CMV reactivation and CMV disease after transplan
tation. Cox proportional hazards regression models were used 
to estimate the association between CMV plasma viral load af
ter transplantation with OM and NRM by 1 year using land
mark analyses in patients who survived >100 days post-HCT 
to estimate correlation between maximum viral load and lym
phopenia before day 100, and NRM and OM by 1 year 
post-HCT. For the association of viral load with CMV disease 
by day 100 or 1 year, post-HCT viral load and lymphopenia 
were considered time-dependent variables (lymphopenia was re
quired to precede viral load). To show the relative contributions 
of viral load and lymphopenia graphically, as has previously been 
done in the human immunodeficiency virus setting [21], restrict
ed cubic spline regression with 3 knots placed at the 25th, 50th, 
and 75th percentiles was used to explore the nonlinear associa
tion between CMV viral load in log10 scale and absolute lympho
cyte counts (ALCs) with CMV disease rate, OM rate, and NRM 
rate. The spline curves fitted over the average CMV viral load in 
log10 scale stratified by ALC and transplant year were presented 
for data visualization [22].

Demographic and clinical factors assessed as potential covar
iates in each of the models were age at HCT, donor age, race, 
donor race, sex, donor sex, donor CMV serostatus, HLA 
matching, underlying disease risk index [23], HCT-specific co
morbidity index [24], conditioning regimen intensity, cell 
source, year of transplantation, GVHD prophylaxis regimen, 
peak acute GVHD (time dependent), chronic GVHD requiring 
immunosuppressive treatment (time dependent), foscarnet- 
related renal dysfunction, lymphopenia, and GCV/VGCV- 
related neutropenia (time dependent). All covariates with 
P < .05 in the univariable analyses were selected into the mul
tivariable models. Statistical significance was defined as 2-sided 
P < .05. SAS version 9.4 TS1M6 software (SAS Institute, Cary, 
North Carolina, USA) was used for all statistical analyses.

RESULTS

Of the 2137 patients initially selected for the study, 596 were ex
cluded because of their negative CMV serostatus, and 5 did not 
sign informed consent. The remaining 1536 CMV-seropositive 
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Table 1. Basic Demographics of the Study Group

Variable Category Before 28 Feb 2013 (n = 789) After 1 Mar 2013 (n = 747) P Value

Age at transplant, y 0–11 71 (9) 88 (12) .167

12–17 43 (5) 38 (5)

18–40 161 (20) 145 (19)

41–60 316 (40) 266 (36)

>60 198 (25) 210 (28)

Sex Female 371 (47) 347 (46) .823

Male 418 (53) 400 (54)

Female to male transplanth Female to male 170 (22) 166 (22) .935

Race White 622 (79) 556 (74) <.001

American Indian or Alaska Native 15 (2) 17 (2)

Asian 73 (9) 78 (10)

Black or African American 17 (2) 25 (3)

Multiple 33 (4) 12 (2)

Native Hawaiian or other Pacific Islander 11 (1) 17 (2)

Unknown 18 (2) 42 (6)

HCT-CI score 0–1 282 (36) 271 (36) <.001

2 118 (15) 111 (15)

≥3 266 (34) 351 (47)

Unknown 123 (16) 14 (2)

Donor race White 153 (19) 206 (28) <.001

Non-White 86 (11) 89 (12)

Unknown 550 (70) 452 (61)

Donor sex Female 355 (45) 326 (44) .82

Male 393 (50) 384 (51)

Missing 41 (5) 37 (5)

Donor age, y Median (range) 35.2 (1.0–77.8) 32.4 (0.2–74.5) .211

CMV serostatus Donor positive/Recipient positive 333 (42) 323 (43) .682

Donor negative/Recipient positive 456 (58) 424 (57)

Conditioning regimen Myeloablative 453 (57) 434 (58) <.001

Nonmyeloablative 235 (30) 127 (17)

Reduced intensity 101 (13) 186 (25)

T-cell depletion No 773 (98) 693 (93) <.001

Yes 16 (2) 54 (7)

Cell source Bone marrow 155 (20) 118 (16) .143

Cord blood 101 (13) 101 (14)

Peripheral stem cells 533 (68) 528 (71)

Donor type HLA-matched related 240 (30) 200 (27) .023

HLA-matched unrelated 358 (45) 323 (43)

HLA-haploidentical 54 (7) 62 (8)

Cord blood 101 (13) 101 (14)

HLA-mismatched unrelated 36 (5) 61 (8)

GVHD prophylaxis MMF + CNI 350 (44) 292 (39) <.001

MTX + CNI 313 (40) 272 (36)

PTCy-based 71 (9) 67 (9)

Other ± CNI 16 (2) 21 (3)

Sirolimus-based 39 (5) 95 (13)

Underlying disease Aplastic anemia 24 (3) 38 (5) <.001

Acute lymphoblastic leukemia 103 (13) 106 (14)

Acute myeloid leukemia 263 (33) 275 (37)

Chronic lymphocytic leukemia 58 (7) 11 (1)

Hodgkin lymphoma 16 (2) 11 (1)

Myelodysplastic syndrome 97 (12) 127 (17)

Chronic myeloproliferative neoplasms 67 (8) 54 (7)

Non-Hodgkin lymphoma 81 (10) 48 (6)

Plasma cell neoplasms 46 (6) 27 (4)

Primary immunodeficiency 16 (2) 22 (3)
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HCT recipients were included in the final analysis. Numbers of 
pediatric and adult patients were similar between the 2 time pe
riods. The basic demographic and clinical characteristics of the 
study group are presented in Table 1.

By day 100 after HCT, CMV reactivation at any level was ob
served in 76% of patients (Figure 1A), with no significant differ
ences between the 2 time periods, and the numbers of high-level 
viremia did not change over the years (Supplementary 
Figure 1A). The incidence of CMV reactivation at different viral 
load thresholds varied between age groups (Figure 1B–D), with 
the lowest incidence at all levels in the youngest children (aged 
0–11 years). Viral loads were similar between adolescents 
(aged 12–18 years) and adults overall; however, higher viral loads 
appeared to be more common in adult patients (Figure 1C and 
1D). Peak viral loads during the first 100 days were higher in pa
tients at high risk for CMV reactivation [9] (Supplementary 
Figure 1B). Antiviral drug utilization in the different age groups 
is shown in Supplementary Table 1.

Clinically significant CMV infection was observed in 61% of 
the study population by day 100, with no differences between 
adults and adolescents, but with a lower incidence in patients 
<12 years old (Figure 2A). No difference in csCMV infection 
incidence was observed between the 2 time periods (before 
28 February 2013 and after 28 February 2013), including the 
entire study population (Supplementary Figure 1C).

In the first year after transplantation, 156 patients developed 
CMV disease (10.3% [95% confidence interval {CI}, 8.8%– 
11.2%]) with gastrointestinal disease being most common, fol
lowed by pneumonia. The incidence of CMV disease did not 
differ between younger children and adolescents; however, pe
diatric patients combined had significantly less CMV disease 
compared to the adult population. The numbers of proven gas
trointestinal disease were significantly higher in the adult group 
(Figure 2B–D).

GCV- or VGCV-based preemptive therapy was used in 873 
(57%) patients. Foscarnet treatment was applied in 370 (24%) 

Table 1. Continued

Variable Category Before 28 Feb 2013 (n = 789) After 1 Mar 2013 (n = 747) P Value

Other nonmalignant disorders 18 (2) 28 (4)

Disease risk index High 292 (37) 158 (21) <.001

Intermediate 64 (8) 64 (9)

Low 433 (55) 525 (70)

No. of transplants 1 668 (85) 660 (88) .035

>1 121 (15) 87 (12)

Acute GVHD Grade 0–2 676 (86) 653 (87) .319

Grade 3–4 113 (14) 94 (13)

Chronic GVHD No 215 (27) 308 (41) <.001

Yes 574 (73) 439 (59)

Early CMV disease before day 100 No 740 (94) 709 (95) .341

Yes 49 (6) 38 (5)

Late CMV disease after day 100 No 737 (93) 711 (95) .135

Yes 52 (7) 36 (5)

csCMV infection by 1 y No 273 (35) 265 (35) .72

Yes 516 (65) 482 (65)

Maximum viral load, IU/mL Negative 160 (20) 183 (24) <.001

Positive to 150 231 (29) 139 (19)

>150–1000 329 (42) 363 (49)

>1000 69 (9) 62 (8)

ALC day 100 cells/μL (last value prior to day 100) <100 54 (7) 45 (6) .72

100–300 81 (10) 83 (11)

>300 654 (83) 619 (83)

GCV/VGCV treatment by day 100 No 337 (43) 326 (44) .713

Yes 452 (57) 421 (56)

GCV/VGCV-related neutropenia by day 100 No 701 (89) 677 (91) .25

Yes 88 (11) 70 (9)

FCN treatment by day 100 No 593 (75) 573 (77) .478

Yes 196 (25) 174 (23)

FCN-related renal dysfunction by day 100 No 726 (92) 691 (93) .721

Yes 63 (8) 56 (7)

Data are presented as No. (%) unless otherwise indicated.

Abbreviations: ALC, absolute lymphocyte count; CMV, cytomegalovirus; CNI, calcineurin inhibitor; csCMV, clinically significant cytomegalovirus infection; FCN, foscarnet; GCV/VGCV, 
ganciclovir/valganciclovir; GVHD, graft-versus-host disease; HCT-CI, hematopoietic cell transplantation–specific comorbidity index; HLA, human leukocyte antigen; MMF, mycophenolate 
mofetil; MTX, methotrexate; PTCy, posttransplantation cyclophosphamide.
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cases; however, foscarnet as a first-line therapy was used in only 
67 (4%) patients.

Among patients receiving antiviral treatment, GCV/ 
VGCV-related neutropenia and foscarnet-associated kidney 
injury occurred in 158 (18%) and 119 (32%) patients, respec
tively. The median time to the onset of treatment-related toxic
ities after initiation of the therapy was 23 days (range, 2–54 
days) for GCV/VGCV and 15 days (range, 1–67 days) for 
foscarnet.

Risk Factors for csCMV Infection

In multivariate models, including all patients and both 
time periods, the risk of developing csCMV infection was the 
highest in HLA-mismatched transplant recipients and patients 
suffering from acute grade 3–4 or chronic GVHD. It was de
creased in younger children and in patients with sirolimus- 
based GVHD prophylaxis protocols (Supplementary Figure 3).

Lymphopenia as Confounder for the Viral Load CMV Disease Association

The role of viral load on the risk of CMV disease was assessed in 
multivariate models including both time periods and all ages. 
Models were adjusted for the year of transplantation, age, 
GVHD prophylaxis regimens, race, chronic GVHD (time de
pendent), and lymphopenia <100 cells/μL (time dependent) 
(Supplementary Figure 2). CMV reactivation was associated 
with a higher risk of CMV disease (adjusted hazard ratio 
[aHR], 6.8 [95% CI, 3.54–13]), and the risk was the highest 
when viral load exceeded 1000 IU/mL (aHR, 15 [95% CI, 
7.29–30.6]). This effect was diminished by antiviral treatment 
but remained significant (aHR, 4.86 [95% CI, 2.25–10.5]). 
Patients <18 years of age had significantly decreased risk for 
developing CMV disease (aHR, 0.15 [95% CI, .05–.40]) 
(Figure 2B and Supplementary Figure 2).

Among day 100 survivors throughout the entire study period, 
we assessed the relative contribution of lymphopenia and CMV 

Figure 1. Cumulative incidence of cytomegalovirus (CMV) reactivation by day 100, stratified by viral load and by age group: all age groups (A), younger children 0–11 years 
old (B), adolescents 12–17 years old (C ), and adults ≥18 years old (D).

CMV Viral Load Predicts Poor Outcomes Despite Improved HCT Success • OFID • 5

http://academic.oup.com/ofid/article-lookup/doi/10.1093/ofid/ofaf612#supplementary-data
http://academic.oup.com/ofid/article-lookup/doi/10.1093/ofid/ofaf612#supplementary-data
http://academic.oup.com/ofid/article-lookup/doi/10.1093/ofid/ofaf612#supplementary-data


viral load to the risk of CMV disease using cubic spline analysis. 
Each declining lymphocyte counts and increasing CMV viral 
load increased the risk of CMV disease (Figure 3A). Next, we ex
amined whether the association of CMV viral load with or with
out lymphopenia changed over time (Figure 3B). Viral load was 
associated with increased risk of CMV disease among patients 
with lymphopenia in both periods, with a plateau between 1.5 
and 3.0 log10 when most patients received preemptive antiviral 
therapy. Among nonlymphopenia patients, the association was 
less pronounced, especially in the earlier cohort.

Overall and Nonrelapse Mortality

By 1 year post-HCT, 424 (28%) deaths were observed, 142 
(9.2%) within the first 100 days after HCT. The probability of 
overall survival was 91% (95% CI, 88%–93%) by day 100, and 
72% (95% CI, 69%–75%) by 1 year post-HCT. Cumulative 
NRM was 7% (95% CI, 6%–8%) by day 100% and 17% (95% 
CI, 15%–19%) by 1 year post-HCT.

There was a differential impact of CMV viral load on OM 
and NRM among day 100 survivors in the 2 time periods 
(Figure 4), with a diminished effect of viral load on both OM 
and NRM in the more recent time period (Supplementary 
Tables 2 and 3).

In multivariate Cox analyses, lymphopenia was adjusted to 
account for the level of immunosuppression. These results 
were confirmed for different viral thresholds (with the highest 
impact seen when the viral load exceeded >1000 IU/mL) and 
csCMV infection in the earlier period (Supplementary Tables 
2 and 3, Supplementary Figure 4). Neither foscarnet-related re
nal toxicity nor GCV-related neutropenia affected NRM in 
multivariable models.

When we analyzed the impact of viral load on outcomes in 
different age groups in both time periods combined, NRM 
was significantly decreased in the pediatric population (aHR, 
0.23 [95% CI, .10–.51]) irrespective of viral load; however, 
higher NRM was observed in children with the highest viremia 

Figure 2. Cumulative incidence by 12 months posttransplant of clinically significant cytomegalovirus (CMV) infection (A), CMV disease (B), organ-specific manifestation in 
children aged 0–17 years (C ), and organ-specific manifestation in adults aged ≥18 years (D), stratified by age of hematopoietic cell transplant recipient (A and B) or organ 
affected (C and D). Abbreviation: GI, gastrointestinal.
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(7.41%) (Figure 4E). In adult patients, the effect of viral load 
was more apparent (Figure 4F).

The synergistic interaction between levels of lymphopenia 
and CMV viral load on OM and NRM in the entire study period 
is shown in Figure 3C and 3E, respectively. The impact of the 
study period in a model stratified by lymphopenia is depicted 
in Figure 3D and 3F and shows that the strongest correlation 
between viral load and OM and NRM was observed in patients 
with a viral load >3 log10 and lymphocyte count ≤300 cells/μL 
in the more recent study period.

DISCUSSION

In this study, we defined the impact of CMV viral load on CMV 
disease and OM and NRM in the era characterized by novel 
GVHD prevention strategies and improved survival (2013– 
2017). We also characterized the impact of age on viral kinetics 
and clinical outcomes. The study showed that CMV viral load 
continues to be a strong predictor of CMV disease and for 
NRM in patients with lymphopenia. In younger children, the 
incidence of csCMV infection is approximately 20% lower 
than in adolescents and adults, and CMV disease was virtually 
absent.

The recognition of CMV viral load as a surrogate for CMV 
disease and all-cause and NRM has been a major advance 
that has led to the approval of 2 antiviral drugs [8, 9] and to 
the incorporation of viral load as primary endpoints in numer
ous ongoing trials. However, the data used to establish surro
gacy are >10 years old [3, 14, 25–27] and improved 
transplantation practices, including GVHD prophylaxis regi
mens and corticosteroid treatment regimens, have led to im
proved survival and other clinical outcomes [1, 2]. This raises 
the question whether the original assumptions of surrogacy 
are still valid in the era with improved transplant outcomes. 
Importantly, all currently and planned protocols of antivirals 
and vaccines use primary endpoints that include viral load either 
by itself or in combination with CMV disease. We chose a large 
dataset that extended to the time right before CMV prophylaxis 
with letermovir was adopted at our center, thereby providing the 
most current unbiased cohort representative of current practices 
and unaffected by the introduction of prophylaxis. Although the 
effect of antiviral prophylaxis should be captured by the viral 
load surrogate according to the Prentice criteria [28] such an 
analysis would likely require an even larger cohort with similar 
follow-up, which is presently not available. Also, recent real- 
world data indicate that clinical utilization and access to 

Figure 3. A, Restricted cubic splines for cytomegalovirus (CMV) disease risk including all patients from both time periods (before and after 28 Feb 2013), showing the effect 
of increasing CMV viral load relative to decreasing absolute lymphocyte count (ALC). B, Restricted cubic splines with binary presentation of lymphocyte counts and viral load 
presented in log10 scale, stratified by time period. Blue lines represent lymphocyte counts ≤300 cells/μL observed at day 100 post–hematopoietic cell transplant, red lines 
>300 cells/μL; the earlier period is indicated by the dotted lines while the later period is shown as solid lines. The panels show CMV disease rates (y-axis) associated with 
increasing CMV viral load values (x-axis) with (blue line) and without (red line) lymphopenia. Restricted cubic splines for nonrelapse mortality (NRM) (C) and overall mortality 
(OM) (E) for all patients showing the effect of increasing CMV viral load relative to decreasing lymphocyte counts. The effects of the early (before 28 Feb 2013) and later (28 
Feb 2013) time period on NRM and OM are shown in panels D and F, respectively. The panels show NRM and OM rates (y-axis) associated with increasing CMV viral load 
values (x-axis) with (blue line) and without (red line) lymphopenia. Viral load threshold and lymphocyte counts are presented in log10 scale.
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letermovir vary across the world. In the United States and select
ed countries in Europe and Asia, letermovir utilization is high; 
however, the situation differs significantly in other parts of world 
[29]. Thus, preemptive therapy continues to be used.

Limitations of prior studies of CMV viral load associations 
with clinical outcomes include the insufficient consideration 
of the confounding immunosuppression and toxicities of the 
antiviral treatment (ganciclovir or foscarnet toxicities), which 

Figure 4. Cumulative incidence of overall mortality (A and B) and nonrelapse mortality (C and D) by 1 year after hematopoietic cell transplant among day 100 survivors 
transplanted before 28 Feb 2013 (A and C ) and after 28 Feb 2013 (B and D), stratified by different viral load thresholds. E and F, Cumulative incidence of nonrelapse mortality 
during both time periods (before and after 28 Feb 2013) in children 0–17 years old (E) and adults (F ), stratified by cytomegalovirus viral load.
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have been independently associated with poor outcomes in ear
lier studies [20, 30]. Multivariate models that accounted for 
these factors showed that viral load remained strongly associat
ed with CMV disease in both the study periods. However, with 
the development of new transplantation techniques, supportive 
care, and improved overall transplant success rates, the associ
ations of CMV viral load with OM and NRM diminished and 
did not reach statistical significance in the more recent period 
(Figure 4 and Supplementary Table 2). A detailed look at im
pact of lymphopenia using cubic spline analyses showed that 
the associations with OM and NRM remained significant in 
highly immunocompromised hosts, as measured by lymphope
nia (Figure 3C–F). This is plausible because lymphopenia was 
the strongest predictor of death overall and the impact of viral 
load became more apparent in this setting.

We also examined whether the viral load kinetics and disease 
differed between children, adolescents, and adults. csCMV in
fection occurred less frequently in children <11 years but was 
not different between adolescents and adults. The very low in
cidence of CMV disease in pediatric patients throughout the 
observation period (Figure 2C) was somewhat unanticipated. 
This difference may have been partially related to the less fre
quent use of gastrointestinal endoscopies. Bronchoscopies 
were not different between age groups (Supplementary 
Table 1). A higher proportion of children and adolescents re
ceived bone marrow and cord blood transplantation and 
T-cell–depleting agents, which could be a plausible explanation 
for the difference. At our center, recipients of cord blood trans
plants received high-dose acyclovir and were preemptively 
treated at any viral load level [18], resulting in a high level of 
protection from breakthrough CMV disease. Another reason 
may be a higher utilization of preemptive therapy in pediatric 
patients, at lower viral load levels compared to adult patients, 
likely due to a higher use of T-cell–depleting agents.

While the analyses of viral load association with clinical end
points included children and adolescents, we were unable to 
perform a formal stratified analyses that included only children 
due to the smaller number of patients and outcomes. Overall, 
the data suggest that preemptive therapy with the thresholds 
used in this study is highly effective.

This study has important implications for clinical care, re
search, and drug and vaccine development. First, that CMV vi
ral load continued to be associated with CMV disease, and with 
OM and NRM rates in more immunosuppressed HCT patients, 
is reassuring and supports the continued use of viral load as 
part of a clinical trial’s primary endpoints. It also is consistent 
with recent studies that did not find associations with mortality 
endpoints in the overall population [4]. The fact that mortality 
rates are declining [1, 2] and that the association of CMV viral 
load with OM and NRM was only seen in more immunosup
pressed patients, will make it more difficult to demonstrate 
an impact of any antiviral interventions on mortality. Such 

demonstration will require randomized trials with a large pro
portion of patients with high levels of immunosuppression or 
analyses of large, pooled populations from different centers. 
Clinically, the study supports the continued use of prophylaxis 
to suppress CMV viremia and disease. The data on the associ
ation of CMV disease and mortality are particularly strong in 
adults while larger studies are needed in pediatric populations 
to demonstrate associations with OM and NRM separately.

Strengths of this study include the large sample size, the 
more accurate assessment of immunosuppression compared 
to previous studies, a more comprehensive inclusion of possible 
confounders, a detailed review of clinical outcomes in different 
age groups, the use of uniform diagnostic and therapeutic man
agement throughout the study period, and a rigorous statistical 
analysis. However, the study has limitations that should be not
ed, including the retrospective nature and the relatively small 
proportion of patients receiving posttransplant cyclophospha
mide, sirolimus, and T-cell depletion–based GVHD prophylax
is regimens. Younger age, which was associated with a lower 
incidence of CMV disease, could also be a protective factor 
due to other unknown risk factors (eg, comorbidities) that we 
were unable to explore in the context of this retrospective study.

In conclusion, CMV viral load continues to be a strong pre
dictor for CMV disease. The apparent differences by age of viral 
load kinetics and CMV disease prevention effectiveness with 
preemptive therapy require confirmation in larger cohorts. 
With improved transplant techniques, the association of viral 
load with OM and NRM is diminished but the effect is still pre
sent in patients with severe immunosuppression.
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