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Adverse events (AEs) from chronically administered oral agents treating hematologic 

malignancies may affect patients’ ability to tolerate treatment over time. Conventional toxicity 

tables emphasizing incidence of high grade AEs do not provide information on AE time profile or 

reflect continuous lower grade symptomatic toxicities that are particularly relevant to treatment 

tolerability for patients living with indolent disease. Modernized approaches to toxicity evaluation 

and reporting that capture tolerability of treatment to the patient are imperative. We performed a 

focused, pilot longitudinal Toxicity over Time (ToxT) analysis of AEs from lenalidomide and 

lenalidomide with rituximab in CALGB 50401 (Alliance) (NCT 00238238) to define AE 

trajectory and quantify burden of continuous low grade events in patients with follicular 

lymphoma. ToxT analyses provided clinically relevant descriptions of neutropenia and fatigue 

trajectory from lenalidomide that were not identified by standard maximum grade CTCAE 

analysis. Evaluation of tolerability is increasingly relevant for hematologic malignancies treated 

with chronically administered therapies.

Introduction

Chronically administered oral targeted agents or immunomodulatory drugs are increasingly 

incorporated in the treatment of hematologic malignancies.(1) The toxicity profile of these 

agents is starkly different than that of conventional intravenous cytotoxic chemotherapies.(2) 

Tables of high grade adverse events (AEs) according to the National Cancer Institute 

Common Terminology Criteria for Adverse Events (NCI CTCAE)(3) report the most severe 

grades and are important for safety assessment. A multi-stakeholder group of patients, 

clinicians, clinical investigators, regulators and industry collaborators recently proposed a 

comprehensive consensus definition of tolerability as “the degree to which symptomatic and 

non-symptomatic adverse events associated with a product’s administration affect the ability 

or desire of a patient to adhere to the dose or intensity of therapy.”(4) Due to advances in 

clinical and translational research across the spectrum of hematologic malignancies, there 

has been a remarkable proliferation of novel agents used to treat these diseases. Many newer 

treatments, such as targeted agents and immunotherapies, are chronically administered, and 

demonstrate unprecedented improvements in response rate and disease outcomes in clinical 

trials across a variety of hematologic malignancies. However, if a real world patient is not 

able or willing to take the drug because it is intolerable, the benefit to that patient is zero.

Tolerability is a patient-centered, multidimensional, messy construct that integrates 

information about drug or regimen safety, but is distinct from safety, and is not intended to 

replace it.(1) By necessity, understanding tolerability requires the patient’s perspective 

(subjective information) along with information about dose reductions or delays (objective 

information). Tolerability can vary given a clinical context (frontline curative intent 

aggressive therapy, versus 6th line palliative therapy, for example). Lastly, tolerability is 

related to therapy duration and time profile of AEs and, thus, time-dependent metrics are 

necessary to understand it.(5) Despite inherent challenges in measurement and lack of 

consensus approaches, tolerability is essential to assess in modern hematology trials.
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What is the main problem?

The current standard for reporting adverse events in clinical trials of novel agents or 

combinations used to treat cancer is a table that depicts the incidence of severe or life-

threatening events. While vital to the assessment of safety, the static “maximum grade” 

conventional toxicity table does not reflect treatment tolerability. It provides little 

information on AE trajectory or burden of continuous low grade events (defined as grade 1 

[mild] or grade 2 [moderate]) toxicity), which are highly relevant to patients with indolent 

disease who may receive newer treatments for months to years at a time.(5) For example, 

grade 2 fatigue is not relieved by rest and limits instrumental activities of daily living. Grade 

2 diarrhea signifies an increase of 4–6 bowel movements over baseline. Chronic or 

continuous occurrence of such AEs may be limiting to a patient over time, and may affect 

their willingness or ability to receive ongoing treatment. There is typically no information 

about trajectory, differences between arms, the number of patients providing assessments at 

each time point, or burden of lower grade events. Reductive language in publications and 

presentations which display only maximum grade toxicity tables and describe novel agents 

or combinations as “generally well tolerated” is ambiguous and often misleading.(6) Novel 

metrics that comprehensively depict a drug’s toxicity profile over time and its tolerability are 

relevant to patients and providers, clinical investigators and industry stakeholders involved in 

drug development, and regulatory agencies involved in approval of new drugs.(1) Depicting 

AE time profile and reflecting the impact of chronic low grade AEs is a vital aspect of 

tolerability assessment.

Statistical complexity, heterogeneity, and challenges of clinical interpretability have limited 

broad application of existing longitudinal techniques for AE summarization.(7–9) Simpler 

methods reducing AE data to a single score have been developed, some with the goal of 

weighting toxicity in value frameworks or providing summary metrics, lack valuable 

information about tolerability and time profile(10). There is a dearth of data on longitudinal 

toxicity analysis and its potential relevance to the evaluation of treatment tolerability. We 

developed a clinically focused approach to AE analysis, the Toxicity over Time (ToxT), a 

standardized package of graphical and analytical assessments that depicts AEs over time to 

complement standard CTCAE maximum grade reporting. We previously applied ToxT to 

trials in gastrointestinal cancer and symptom control.(11) The novelty of the approach is 

viewing CTCAE information graphically and longitudinally, providing number of patients 

with assessments at each time point, capturing the impact of chronic low grade toxicity and 

highlighting differences between arms or trajectory, all with the goal of displaying 

interpretable AE data that is relevant to tolerability. This is the first application of ToxT to a 

randomized, multicenter National Cancer Institute (NCI) National Clinical Trials Network 

(NCTN) clinical trial of a chronically-administered oral agent for the treatment of a 

hematologic malignancy. This trial was selected because patients in both arms were treated 

with the chronically administered immunonmodular lenalidomide, and agent used to treat 

lymphoma and myeloma, sometimes for months to years at a time, for which we lack 

systematically presented information about AEs over time. In this case study, we 

investigated whether longitudinal AE analysis could provide important, distinct information 
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on the adverse effect profile and tolerability of lenalidomide and characterize the trajectory 

and burden of neutropenia and fatigue on this drug.

Case study of Alliance (CALGB) 50401: Tolerability of lenalidomide

Methods

Cancer and Leukemia Group B (CALGB) 50401 is a randomized phase II trial for patients 

with recurrent follicular lymphoma.(12) CALGB is now part of the Alliance for Clinical 

Trials in Oncology (Alliance). The toxicity analysis sub-study reported here is Alliance 

A151617. Each participant signed and IRB-approved, protocol-specific informed consent 

document in accordance with federal and institutional guidelines. Patients aged ≥ 18 years, 

with follicular lymphoma grade 1, 2 or 3a, Eastern Cooperative Oncology Group 

Performance Status 0–2 and prior treatment with rituximab either alone or in combination 

with chemotherapy were eligible. Patients were randomized 2:1:1 to rituximab (R; n=3), 

lenalidomide (L; n=48 [n=45 initiated treatment]) or the combination (LR; n=46). Rituximab 

was given at standard doses weekly for four weeks in the first cycle only in the R and LR 

arms, which is standard practice when treating an indolent lymphoma. The rituximab only 

arm closed early due to poor accrual with only 3 patients, and is not included in this 

analysis. Lenalidomide in the L and LR arms was administered at a dose of 15 mg (cycle 1) 

or 20 mg (cycle 2 and beyond) per day on days 1–21 of a 28-day cycle, for a total of 12 

cycles. One hematologic (neutropenia) and one symptomatic (fatigue) AE were selected for 

this pilot analysis due their high incidence and their clinical relevance. Thrombocytopenia 

also demonstrated high incidence, but almost all events were low grade and as a laboratory 

AE, this was not of clinical significance. As such, neutropenia, with high incidence overall 

as well as several grade 3–4 events, was preferred for analysis. Growth factor support with 

G-CSF, GM-CSF or peg-filgrastim was recommended only for patients with febrile 

neutropenia per protocol.

In this clinical trial, AE data were collected on case report forms during treatment. Statistical 

analysis incorporated all reported AE data during treatment as the reported grade. If no event 

was reported, a grade of 0 was assumed to have occurred per standard AE analytic 

approaches. The maximum observed grade per AE per patient is calculated and summarized 

using a frequency and proportion per group (e.g., per arm).

ToxT is a collection of statistical codes in SAS software (Cary, NC)(13) that generates plots 

depicting summary statistics or individual patient data over discrete time points combined 

with longitudinal statistical analyses (repeated measures modeling, time-to-event and area-

under-curve [AUC] analyses). Bar charts depict the frequency and proportion of each grade 

level for a given AE across patients by cycle (one bar per cycle per group; if multiple grades 

were reported for a given patient for a cycle, the maximum grade was used for the cycle). 

Stream plots depict the mean grade level for a given AE across patients by cycle (one line 

per AE per group; if multiple grades were reported for a given patient for a cycle, the 

maximum grade was used for the cycle). A patient was included in the denominator of all 

cycles for the purpose of calculating proportions until discontinuing all treatment, at which 

point the patient would no longer be included in the denominator. Time-to-event bar charts 

computed time to onset and time to worst grade as medians over observed event times 
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among patients who had the event without censoring. In other words, time to onset was 

computed as the median of the onset times across all patients who experienced the given AE. 

Time to worst grade was computed as the median of the times to worst grade across all 

patients who experienced the given AE. If a patient’s worst grade occurred multiple times, 

the earliest occurrence was used in calculating the median. To estimate the proportion with 

grade 2 or higher AEs incorporating censoring, a Kaplan-Meier approach was also used for 

each AE and time was computed as time to the earliest cycle that the patient reported 

experiencing a grade 2 event. AUC is a summary measure that can be calculated at a group 

level or at a patient level. At a group level, the AUC is calculated using the trapezoidal rule 

as the area under the line when connecting the group level mean AE grades at each cycle 

(i.e., area under the stream plot). At the individual level, the AUC can also be calculated for 

each individual patient as the area under the line when connecting the AE grades while the 

patient was on treatment and prorated for number of cycles, producing a single number that 

captures burden of chronic low grade events. We compared individual level AUCs (a single 

number computed for each patient) between arms using box plots to assess whether the 

distribution of AUCs differed between arms. Details of the statistical and further graphical 

approaches of ToxT are described elsewhere.(11) ToxT analyses and the resultant graphical 

representations reflect the first 9 cycles on this study, due to limitations of sample size (15 or 

less) in each arm thereafter. The ToxT macros are publically available to academic 

collaborators by contacting the corresponding author.

Results

Standard CTCAE analysis identified neutropenia and fatigue as the most common AEs 

>grade 3 on L and LR (16% v 20% for fatigue, and 9% v 13% for neutropenia, respectively, 

Table 1). By ToxT, bar charts of incidence and grade per cycle to define the AE trajectory 

demonstrated a steady rise in neutropenia incidence and grade in both arms as treatment 

continued indicating that neutropenia is cumulative. Among patients who received LR 

(Figure 1 Panel A), only grade 1 neutropenia was reported in the first cycle (4/43 [9.3%]), 

whereas grade 2 and 3 were reported in later cycles (at cycle 9, 11/31[35.4%] with grade 1–3 

neutropenia). Of note, only 1 patient (on L) received growth factor while on study treatment. 

In contrast, fatigue decreased in incidence and grade for patients in both arms over time 

(Figure 1 Panel B, 20/43[46.5%] grade 1–3 fatigue at cycle 1 versus 11/31[35.5%] grade 1 

only at cycle 9 on LR). The stream plot of fatigue (Figure 2 Panel A) depicts decreasing 

mean grade of fatigue over time for both arms (mean across all grades including grade 0 was 

0.8 and 0.7 on L and LR, respectively, at cycle 1 and drops to 0.4 and 0.4 by cycle 9). 

Conversely, the stream plot of neutropenia represents increasing mean grade over time for 

both arms (mean grades of 0.3 and 0.1 at cycle 1 and 0.9 and 0.5 by cycle 9 for L and LR, 

respectively). The time-to-event bar chart (Figure 3 Panel A) indicates that on LR, the onset 

and worst grade fatigue (median 8 days for both) among those reporting fatigue occurs early. 

In contrast, onset (median 57 days) and time to worst grade of neutropenia (median 86 days) 

occurs with prolonged therapy, affirming that neutropenia is a delayed onset AE that 

worsens over time. The time-to-grade 2+ fatigue analysis depicts time-to-grade 2+ fatigue 

with rates at cycle 2 (day 56) of 27% and 34% [p=0.32] for L vs LR, respectively. AUC 

analysis identified a similar burden of chronic low grade fatigue in both arms over time as 

can be visualized at the group level in Figure 4A, which is a representation of the fatigue 
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stream plot with shading under the curve. When calculated at the group level in this manner, 

mean group AUC as computed as the shaded area in Figure 4A through cycle 9 was 4.8 and 

4.6 on L and LR, respectively. AUC was also calculated on an individual patient basis. Mean 

individual AUC for fatigue was 5.3 and 4.9 [p=0.39] on L and LR, respectively, and is 

shown in the box plot in Figure 4B.

Discussion

This case study, a focused pilot longitudinal analysis of fatigue and neutropenia in CALGB 

50401, demonstrates that longitudinal AE analysis with ToxT provides important, distinct 

information on the time profile of laboratory and symptomatic AEs of lenalidomide used to 

treat recurrent follicular lymphoma which is not captured in the standard toxicity table. 

Reporting the incidence of high grade events is necessary to establish safety of new 

treatments. However, novel metrics are needed to complement drug safety information and 

describe tolerability. AE trajectory, differences between arms, chronic low grade 

symptomatic AEs over time or number of patients providing assessments over time are 

crucial components of the comprehensive assessment of treatment tolerability. ToxT analysis 

in this study characterized the trajectory of neutropenia and fatigue on lenalidomide and 

captured the burden of chronic low grade fatigue, which may inform tolerability of this drug 

and others over time for patients with indolent disease on chronic therapy.

ToxT identified neutropenia as a cumulative AE, which worsens over time, implying that 

patients may not tolerate full dose over time due to neutrophil count, could be at increased 

risk for infections later on treatment, and may need growth factor support after months on 

therapy, rather than early on. Conversely, fatigue decreases over time, perhaps a reflection of 

patients’ improving tolerance of the AE over time. This information could reassure patients, 

and in the case of symptoms where a supportive care measure is available, it could guide 

timing of the symptom control intervention. An AUC summary measure can capture in a 

single number the impact of a low grade symptomatic toxicity that occurs for weeks, months 

or longer. Since lenalidomide was chronically administered in both arms over multiple 

cycles, AUC analyses were similar for both arms. However, this metric may be useful for 

discriminating among arms where burden is expected to differ.

In this study, multiple graphical approaches provided distinct but complementary 

information. Bar charts of incidence and grade over time can provide more comprehensive 

information on both laboratory and symptomatic toxicity over time. In the ToxT, these 

visualizations are shown with cycle on the y-axis to facilitate inclusion of multiple cycles. In 

some circumstances it may be preferred to have cycle on the x-axis showing passing of time 

from left to right, though space is often a limitation in journal publications.(14) We are 

currently modifying the ToxT macros to provide the option for either visualization approach, 

and future avenues for research include qualitative studies establishing the optimal 

representations for patients, clinicians, regulators and other stakeholders.

The stream plot demonstrates mean grade AE trajectories that provide straightforward visual 

comparison of arms. However, mean grade numbers are challenging to interpret clinically. 

For example, consider a scenario in which 20% of patients have a grade 4 event and the 
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remainder having a grade 0 resulting in the mean grade of 0.8. This value cannot be directly 

interpreted relative to the discrete CTCAE scale(3). Means are intuitive for continuous 

measures such as qualify of life scores.(15) Displaying median grade over time may seem 

more intuitive when considering ordinal CTCAE grades. However, the median grade is the 

grade at which half the patients experienced a higher grade (and half experienced a lower 

grade). Thus, for even an AE (grade 1 or higher) occurring in at least 40% of patients 

(arguably a common side effect), the median grade would be a grade of 0. Stream plots of 

mean AE grade over time (as shown in Figure 2A for fatigue), on the other hand, do 

elucidate subtle trajectories over time that may be valuable to patients and clinicians even if 

mean AE grades potentially suffer from aforementioned issues. As each CTCAE grade level 

represents a different clinical scenario, the percentage of patients experiencing each CTCAE 

grade level may be clearer to interpret. The ToxT includes percentage of patients with a 

given grade to complement stream plots.

The ToxT provides an approach to capturing the burden of chronic low grade symptomatic 

AEs by using various AUC calculations. Our results demonstrate that, as expected, AUCs 

computed at the group and patient level for fatigue were similar across both arms, as the 

chronically administered agent (lenalidomide) was the same in both arms. However, the 

analysis and graphics shown here illustrate two potential approaches to AUC calculation that 

could be applied to studies where a difference may be anticipated or observed. An AUC can 

be calculated at the group level by computing a value for the shading under the mean AE 

trajectory. The accompanying graphical representation (Figure 4A) is intuitive, but is 

somewhat misleading, as this approach does not capture when individual patients went off 

study. In the presence of missing data and/or varying treatment durations, group level, mixed 

model based methods may be a more appropriate and accurate strategy.(16, 17) As such, we 

also presented a mean individual AUC, which is calculated for each individual patient and 

compared between arms via a box-and-whisker plot. This is a more granular approach, 

although the graphical representation may be less intuitive to clinicians and patients. 

Nonetheless, either approach captures in a single number the burden of a continuous 

symptomatic low grade AE over time which can be used to counsel patients. The impact of a 

persistent low grade symptomatic toxicity over time is highly relevant to tolerability of 

therapy for patients with indolent disease on chronic therapy.

Limitations of this case study include that CALGB 50401 was a randomized phase two 

study with 45 and 46 patients per arm, so sample size is a recognized limitation for this 

initial pilot analysis. Analysis was also limited to two AEs, and the small sample size in the 

latter cycles limits definitive statements. Lenalidomide was administered at the same dose 

and schedule in both arms and rituximab was only administered during the first cycle. 

Therefore, toxicity differences were expected to be minimal. It is reassuring that no 

differences were identified in comprehensive toxicity analysis when none were expected. 

The goal of this analysis was to pilot novel metrics for evaluating the longitudinal toxicity of 

profile of a chronically administered agent used to treat a hematologic malignancy, and not 

to identify differences between the treatment arms or explore all AEs in detail. Given the 

pilot data reported here, we are currently applying ToxT to evaluate of multiple AEs 

longitudinally in larger hematology trials comparing two (or more) distinct chronically 

administered agents in our forthcoming work.
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A noteworthy limitation common to most clinical trials including this one is that CALGB 

50401 (Alliance) assessed toxicity using CTCAE only, a grading system for adverse events 

by clinical providers. The patient perspective is a critical component of the tolerability 

assessment and by definition tolerability cannot be fully understood without patient reported 

outcome (PRO) toxicity data on symptomatic AEs.(4, 18–21) Multiple international groups 

are working toward establishing standards for reporting and analyzing PRO AE data(22–24). 

The US National Cancer Institute has established a U01 Consortium with the sole charge of 

exploring the best metrics of tolerability and includes multi-stakeholder input from patients, 

clinicians, investigators, regulators and industry. We are currently applying ToxT to both 

CTCAE and PRO toxicity data, including from the Patient-Reported Outcomes version of 

the CTCAE (PRO-CTCAE)(14, 25, 26). Systematic, rigorous incorporation of PRO in 

clinical trials in hematologic malignancies will be vital to our understanding of tolerability 

of treatment for patients. Longitudinal analysis of PRO data with ToxT is currently ongoing. 

Lastly, a limitation of this pilot study and many clinical trials in hematology, is lack of mid 

cycle toxicity data and granular data on treatment discontinuation to evaluate. To fully 

understand AE trajectory, additional time points would be valuable along with precise 

information about drug dosage and specific timing and reason for treatment discontinuation 

due to AE in a format that lends itself to analysis along with AE data. We are currently 

expanding the capability of ToxT to reflect dosage information graphically in concert with 

toxicity, which is forthcoming. In this study, it would have been helpful to know if ANC or 

fatigue improved during days 21 through 28, when patients were off lenalidomide. Blood 

counts and symptom assessment was not conducted on this protocol during that timeframe. 

The burden of additional AE data collection (both for laboratory and symptomatic AEs) 

must be balanced against the importance and relevance of this information. Along with the 

need for formalized evaluation of AEs mid cycle, more detailed and accurate reporting of 

reasons for treatment discontinuation are also necessary to understand tolerability. In this 

study it was recorded that 19 patients went off for AEs, 12 for progression and 11 for other 

reasons. Granular data about which AE(s) a patient went off for was not recorded, as it is not 

currently standard, and is often challenging for data abstractors to define. With several 

currently ongoing and numerous NCTN studies in development, patients are now reporting a 

variety of symptomatic AEs from home between study visits using the PRO-CTCAE, which 

will hopefully allow enable more granular trajectories of symptomatic AEs over time. 

Ideally more stringent documentation of reason for treatment discontinuation in non-

progressing patients, in addition to PRO evaluation of symptomatic AEs at the end of 

treatment visit, will shed light on which AE(s) may be driving therapy discontinuation.

Tolerability of treatment is a complex construct with inherent challenges in definition, 

capture and analysis. Tolerability is informed by safety data, the patient experience, 

information about dose intensity and schedule, as well as AE temporal profile and burden 

over time. In the case study presented here, we applied the longitudinal ToxT approach to 

better characterize the latter element of tolerability of lenalidomide. ToxT analyses provided 

precise descriptions of neutropenia and fatigue trajectory from lenalidomide that were not 

identified by standard maximum grade CTCAE analysis or reflected in the conventional 

maximum CTCAE grade toxicity table. Developing approaches to longitudinal CTCAE 

analysis represents an initial step in understanding tolerability. The next steps are to 
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systematically collect clinician- and patient-reported toxicity data in prospective trials, and 

to perform longitudinal toxicity analyses with integration of data about dose reductions, 

delays and supportive care measures that characterize safety and tolerability from the patient 

perspective. Longitudinal AE analysis offers a more complete, patient-centered toxicity 

assessment of the tolerability of chronically administered therapy for hematologic 

malignancies.
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Figure 1. AE incidence and grade over time (bar charts).
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Panel A: Neutropenia worsens in incidence and grade over 9 cycles. Panel B: Conversely, 

fatigue improves in both incidence and grade over 9 cycles.

Thanarajasingam et al. Page 12

Lancet Haematol. Author manuscript; available in PMC 2021 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Thanarajasingam et al. Page 13

Lancet Haematol. Author manuscript; available in PMC 2021 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. Mean AE grade trajectory (stream plots)
Panel A: This plot depicts the decreasing mean grade of fatigue over multiple cycles in both 

treatment arms. The whiskers represent the 95% confidence intervals for the means. 2 Panel 

B: Conversely, mean grade of neutropenia increases over multiple cycles in both treatment 

arms.
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Figure 3. Time-to-AE analyses.
Panel A: The time to event bar chart depicts that first onset and worst grade of fatigue occur 

in under 10 days (early event). Neutropenia occurs late and worsens over time on drug. 

Panel B: A time-to-fatigue curve demonstrates patients on both arms had similar time to 

onset of grade 2+ fatigue
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Figure 4. Capturing the burden of chronic symptomatic AEs: Alternate approaches to AUC 
calculation and visualization.
Panel A: Graphical visualization of group AUC for fatigue shows no clear difference 

between arms. AUC was 4.8 on lenalidomide (L) and 4.6 on lenalidomide plus rituximab 

(LR). Panel B: Mean individual AUC box-and-whisker plot. AUC was 5.3 on L and 4.9 on 

LR (p=0.39).
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Table 1
Standard Maximum Grade Toxicity Table for CALGB 50401 (Alliance).

This table represents the standard approach to toxicity reporting, focusing strictly on the incidence of high 

grade adverse events occurring in > 1 patient.

Grade 3–4 Adverse Events Occuring in > One Patient

Adverse Event Lenalidomide (n=45) Lenalidomide + Rituximab (n=46)

Grade 3 Grade 4 Grade 3 Grade 4

Lymphopenia 1(2%) 0 (0%) 3 (7%) 0 (0%)

Neutropenia 7 (16%) 0 (0%) 7 (16%) 2 (4%)

Thrombocytopenia 0 (0%) 0 (0%) 2 (4%) 0 (0%)

AST elevation 2 (4%) 0 (0%) 0 (0%) 0 (0%)

Fatigue 4 (9%) 0 (0%) 5 (11%) 1 (2%)

Thrombosis 4 (9%) 3 (7%) 1 (2%) 1 (2%)
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