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significant risk factors for reduced exercise
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Abstract

Introduction:Patients undergoing chimeric antigen receptor (CAR) T-cell therapy face

prolonged treatment timelines and are prone to cytokine release syndrome (CRS) and

immune effector cell-associated neurotoxicity syndrome (ICANS) after infusion. Dis-

abilities in physical function and the importance of rehabilitation during CAR-T-cell

therapy tomaintain physical function have been poorly documented.

Method:Weperformed a retrospective cohort study to assess changes in exercise tol-

erance via differences in a 6-min-walking distance (Δ6MWD) and factors influencing

it.

Results: A total of 77 patients who underwent rehabilitation during CAR-T-cell ther-

apy were enrolled, and their 6MWD was 450 m (median, range 180–705 m) before

and 450.5m (107.0–735.0m) 30 days after CAR-T treatment. No significant alteration

in Δ6MWD was observed overall (11.0 m, 95% confidence interval, −56.1 to 88.2 m).

Multiple regression analyses indicated that age (over vs. under 65 years) revealed no

notable differences in Δ6MWD (20 vs. 10 m), while ΔHb (β = 0.24, p = 0.03), mod-

erate/severe CRS (grade 1 with continuous fever or grade ≥2; β = −0.25, p = 0.03),

and ICANS (any grade; β = −0.22, p = 0.04) were significantly associated with lower

Δ6MWD.

Conclusion: This real-world study indicated that CAR-T-cell therapy is less likely to

reduce physical function even in older patients if rehabilitation is properly performed,

whereas CRS and ICANS can be risk factors to deprive exercise tolerance.
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1 INTRODUCTION

Chimeric antigen receptor (CAR) T-cell therapy is one of the most

efficacious treatment strategies for some relapsed and refractory

hematopoietic malignancies. Among various complications related to

this treatment, cytokine release syndrome (CRS) and immune effec-

tor cell-associated neurotoxicity syndrome (ICANS) are major adverse

events that can impact the early post-treatment phase. In most cases,

CRS and ICANS can be controlled safely with tocilizumab and steroids

[1, 2] and are rarely life-threatening, but their impacts on later physical

functions are still unknown.

Some multicenter studies have reported the prevalence of

moderate-to-severe fatigue after CAR-T treatment, prompting

discussions on the necessity of rehabilitation [3, 4], but quantitative

assessments of physical functions of these patients before and after

CAR-T treatment remain unreported [5]. Therefore, it is difficult

for physicians to judge the utility of this treatment, especially for

frail and/or elderly patients, although other patients can generally

tolerate CAR-T more easily than autologous or allogeneic stem cell

transplantation, because conditioning intensity (lymphocyte deple-

tion chemotherapy vs. high-dose chemotherapy and/or total body

irradiation) and bone marrow suppression after treatments are more

modest [6].

In this study, we performed retrospective real-world data analy-

ses to (1) investigate changes in exercise tolerance before and after

treatment among CAR-T-cell therapy patients undergoing rehabilita-

tion intervention, and to (2) identify risk factors for deterioration of

physical function, focusingmainly on age and CAR-T-specific complica-

tions. These resultsmaybe important todetermineeligibility forCAR-T

treatment and to investigate appropriate rehabilitation interventions

during CAR-T-cell therapy.

2 MATERIALS AND METHODS

2.1 Patients and data collection

This retrospective observational study focused on adult patients who

underwent CAR-T-cell therapy with rehabilitation interventions at

Kyoto University Hospital between 2020 January and 2023 Decem-

ber. All patients were treated at admission from the beginning of

lymphocyte depletion chemotherapy to around 3 weeks after CAR-T

infusion. The study adhered to principles outlined in the Declaration of

Helsinki and was approved by the pertinent ethics committee in Kyoto

University (approval number: R-0715).

Clinical parameters used in this study included Eastern Coopera-

tive Oncology Group performance status (ECOG-PS), hematopoietic

cell transplantation comorbidity index (HCT-CI), hemoglobin (Hb) lev-

els, lactate dehydrogenase (LDH) levels, and disease status at infusion,

classified as complete response (CR), partial response (PR), stable

disease (SD), or progressive disease (PD). Additionally, we included

details regarding the CAR-T-cell therapy product type (tisa-cel, liso-

cel, axi-cel, and ide-cel) and participant treatment histories previous

to CAR-T-cell therapy, such as the number of prior lines of therapy,

prior treatment courses, and history of allogeneic or autologous stem

cell transplantation. In myeloma cases, a very good partial response

(VGPR) was considered within the PR category for analysis, in align-

ment with lymphoma cases. Evaluation of the post-CAR-T treatment

course included an assessment of complications, including CRS and

ICANS, with severities, durations, and the types of treatment.

2.2 Management of complications after
CAR-T-cell therapy

Complications following CAR-T-cell therapy, including diagnosis and

severity of CRS and ICANS, were assessed in accordance with guide-

lines from the American Society for Transplantation and Cell Ther-

apy [7]. Furthermore, these assessments aligned with appropriate

guidelines for specific CAR-T-cell therapy products (tisa-cel [Kymriah;

Novartis], liso-cel [Breyanzi; Bristol Myers Squibb], axi-cel [Yescarta;

Kite Pharma], and ide-cel [Abecma; Bristol Myers Squibb]).

Severity of CRSwas categorized using the ASTCTCRS grade [7] and

the modified CRS (m-CRS) grade [8]. This modified grading system fur-

ther stratifies grade 1CRS into grades 1a and1b, based on the duration

of CRS-related fever, aiming for a more nuanced assessment of CRS

severity over time. Grade 1a was defined as CRS grade 1 for <5 days,

whereas grade 1b≥5 days.

2.3 Rehabilitation and exercise tolerance
assessment

Participants in this study began rehabilitation interventions on the day

they were admitted for CAR-T-cell therapy. Patients received exer-

cise therapy five times per week (20–40 min per session) throughout

their hospitalization. Exercise therapy, which consisted of stretching,

strength training, and aerobic training, and exercise intensity, was

designed to achieve a subjective exercise intensity of 4 (somewhat

strenuous) on the modified Borg scale. Even when severe complica-

tions necessitated intensive care, rehabilitationwas continued asmuch

as possible through close coordination with doctors and nurses.

The 6-min walk test was used to assess exercise tolerance [9, 10],

according to the protocol recommended by the American Thoracic

Society [11]. The 6-min walking distance (6MWD) under maximum

effort was measured and evaluated as the index for exercise tolerance.

This assessment was performed before treatment (before lymphocyte

depletion chemotherapy) and after treatment (1month after infusion),

and the change in 6MWD before and after treatment (Δ6MWD) was

calculated.

2.4 Statistical analysis

Statistical analyses were performed using SPSS version 29.0 (IBM

Corp.). The Shapiro–Wilk test was used to assess data distribution.
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Comparisons of 6MWD values before and after treatment across

the entire subject population were analyzed using the correspond-

ing t-test. Subsequently, comparisons of the pre- and post-treatment

6MWD within each subgroup were made based on sex (male vs.

female), age (<65 vs. ≥65 years), diagnosis (lymphoma vs. multiple

myeloma), disease status (CR/PR vs. SD/PD), CRS severity (grade ≤1a

vs. grade ≥1b), and ICANS occurrence. TheMann–Whitney U-test was

used to compare theΔ6MWDbetween groups.

Moreover, Spearman’s correlation coefficient was calculated to

examine the association between pre-CAR-T 6MWD and clinical sta-

tus pre-CAR-T (including prior chemotherapy, HCT-CI, LDH levels, and

disease status), as well as the association ofΔ6MWDwith CRS-related

fever duration and changes in Hb before and after treatment (ΔHb).
Furthermore, multiple regression analysis was conducted to iden-

tify factors influencing Δ6MWD before and after treatment among

CAR-T-cell therapy patients. Statistical significance was defined as

p< 0.05.

3 RESULTS

3.1 Patient characteristics

Eighty patients received CAR-T-cell therapy, but three patients were

not enrolled in this study because of missing data on 6MWD (due to

bone fragility, impaired consciousness, or early death after CAR-T-cell

therapy). Therefore, 77 patients (39male and 38 female) with amedian

age of 62 years and a median body mass index (BMI) of 21.2 kg/m2

were included. CAR-T products administered included tisa-cel in 48

patients, liso-cel in 18 patients, axi-cel in four patients, and ide-cel in

seven patients.

Before treatment, 26 patients (34%) exhibited an ECOG-PS score

of 1 or greater, whereas 19 patients (25%) had comorbidities with a

score greater than 1 on HCT-CI. The predominant disease type was

malignant lymphoma, and seven patients were treated with CAR-T for

multiple myeloma. Median numbers of treatment lines and courses

prior to CAR-T-cell therapy were 4 and 12, respectively. Allogeneic

or autologous transplantation before CAR-T was performed in 26

patients. Regarding disease status at the time of CAR-T-cell infu-

sion, 24 patients (31%) were in CR, 29 patients (38%) were in PR,

13 patients (17%) had SD, and 11 patients (14%) showed PD. Other

patient characteristics are shown in Table 1.

3.2 Clinical courses after CAR-T-cell therapy

Among study participants, 71 (92%) experienced CRS with 62 patients

(87%) in grade 1, eight patients (11%) in grade 2, and one patient (1%)

in grade 3 according to ASTCT grade. Median duration of CRS-related

fever was 5 days (range, 1–18), and grade 1 patients were regraded as

grade1a (31patients) or grade1b (31patients) according to them-CRS

grading system. Tocilizumabwasadministered to58patients (75%) and

steroids were used with 22 patients (29%) as part of the CRS treat-

TABLE 1 Patient characteristics.

Total (N= 77)

Age, year 62 (20–75)

Sex, male/female 39/38

BMI, kg/m2 21.2 (13.8–31.5)

ECOG-PS, 0/1/2/3 51/21/4./1

HCT-CI, 0–1/2– 58/19

Diagnosis, DLBCL/FL/MM 63/3/7

Hb, g/dL 8.9 (6.2–14)

LDH, U/L 245 (133–652)

Disease status at infusion, CR/PR/SD/PD 24/29/13/11

Number of lines, n 4 (2–11)

Number of courses, n 12 (5–52)

History of AlloSCT, n 4

History of ASCT, n 22

CAR-T product,

tisa-cel/liso-cel/axi-cel/ide-cel, n
48/18/4/7

Data are presented asmedian (range) unless otherwise indicated.

Abbreviations: ASCT, autologous stem cell transplantation; BMI, bodymass

index; CAR, chimeric antigen receptor; CR, complete response; DLBCL,

diffuse large B-cell lymphoma; ECOG PS, Eastern Cooperative Oncol-

ogy Group performance status; FL, follicular lymphoma; Hb, hemoglobin;

HCT-CI, hematopoietic cell transplantation comorbidity index; LDH, lactate

dehydrogenase;MM,multiplemyeloma;PD, progressivedisease; PR, partial

response; SD, stable disease.

TABLE 2 Course of treatment.

Total (N= 77)

CRS,+/−, n 71/6

CRS grade, 1/2/3, n 62/8/1

m-CRS grade, 1a/1b/2/3, n 31/31/8/1

Fever duration associatedwith CRS, day 5 (1–18)

Tocilizumab, dose/nondose 58/19

ICANS,+/−, n 7/70

Steroid, dose/nondose 22/55

Abbreviations: CRS, cytokine release syndrome; ICANS, immune effector

cell-associated neurotoxicity syndrome.

ment. ICANS was documented in seven patients (9%). Intensive care

management was necessary in 16 patients with these complications

(Table 2).

3.3 Change in exercise tolerance pre- and
post-CAR-T-cell therapy

First, we checked 6MWD prior to CAR-T and its association with var-

ious clinical factors. Pre-CAR-T 6MWD ranged from 180.0 to 705.0 m

(450.0m inmedian; Figure 1A). Significant associations were observed

with HCT-CI (r = -0.23, p = 0.03), LDH levels (r = -0.34, p < 0.01),
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F IGURE 1 Six-min-walking distance (6MWD) before and after chimeric antigen receptor (CAR) T-cell therapy. (A) 6MWDbefore and after
treatment for all CAR-T-cell therapy patients. (B) Association of 6MWDwith background prior to CAR-T-cell therapy. (C) Distribution ofΔ6MWD
among CAR-T-cell therapy patients. Distribution ofΔ6MWDamong CAR-T-cell therapy patients classified by (D) age 65, (E) sex, (F) diagnosis, and
(G) disease status. CR, complete response; HCT-CI, hematopoietic cell transplantation comorbidity index; LDH, lactate dehydrogenase; MM,
multiple myeloma; PD, progressive disease; PR, partial response; SD, stable disease

and disease status at CAR-T infusion (r = -0.24, p = 0.03), while prior

chemotherapy (lines: r = -0.14, p = 0.22; courses: r = -0.11, p = 0.32)

was not associated (Figure 1B).

Next, we focused on changes in 6MWD. 6MWD in thewhole cohort

demonstrated no significant change before and after CAR-T-cell ther-

apy (median 450.0 m before treatment, 450.5 m after treatment,

p = 0.68). The difference of 6MWD in each patient ranged from

−260.0 to +190.0 m (median, +11.0 m), and this, too, was statistically

insignificant (Figure 1C).

Subsequently, we performed several subgroup analyses (for age,

sex, diagnosis, and disease status) to identify variables closely related

to Δ6MWD. There was no significant difference in Δ6MWD between

sexes (+25m inmale vs.+5m female group; p=0.08; Figure 1D), in age

at CAR-T-cell therapy (+20 m in <65 years group vs. +10 m ≥65 years

group; p= 0.19; Figure 1E), between diagnosis (+10m in lymphoma vs.

+23m multiple myeloma group; p= 0.45; Figure 1F), or in disease sta-

tus at CAR-T-cell therapy (+11m in CR/PR group vs. 0mPD/SD group;

p= 0.77; Figure 1G).

3.4 Association with exercise tolerance and
CAR-T-specific complications

Regarding CRS, Δ6MWD showed a significant difference when ana-

lyzed using conventional CRS grading (+20.0 m in CRS grade 0–1 vs.

-37.0 m in grade 2–, p = 0.02). However, this analysis is not statisti-

cally robust due to the skewed number of patients in each subcohort

(68 patients in CRS grade 0–1 vs. nine patients in grade 2–). There-

fore, we performed the same analysis usingm-CRS grade betweenmild

CRS (patients with grade 1a or lower, N = 37) and moderate/severe

CRS (patients with grade 1b or higher, N = 40). We found significant

differences in Δ6MWD between these groups (+29.0 m in mild CRS

vs. 0.0 m in moderate/severe CRS, p < 0.01; Figure 2A). There was a

significant negative correlation between Δ6MWD and the duration of

CRS-related fever (r = -0.35, p < 0.01; Figure 2B), as well as a signifi-

cant positive correlation betweenΔHbandΔ6MWD(r=0.28, p=0.01;

Figure 2C). Moreover, patients who developed ICANS showed signif-

icantly decreased Δ6MWD (+10.6 m in patients without ICANS vs.
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F IGURE 2 Complications and changes in 6-min-walking distance (6MWD) after chimeric antigen receptor (CAR) T-cell therapy. (A)
Distribution ofΔ6MWDamong CAR-T-cell therapy patients classified bym-cytokine release syndrome (CRS) grade. (B) Relationship between
Δ6MWDand CRS-related fever duration. (C) Relationship betweenΔ6MWDandΔHb, (D) Range ofΔ6MWDamong CAR-T-cell therapy patients
classified by immune effector cell-associated neurotoxicity syndrome (ICANS).

TABLE 3 Multiple regression analysis to identify factors influencing e6-min-walking distance (Δ6MWD).

Adjusted R2 Variables

Partial regression

coefficient (B)
95%CI

lower limit–upper limit

Standard partial regression

coefficient (β) p

0.19 Male: 0/female: 1 −17.3 −48.4 to 13.7 −0.11 0.27

Age −0.06 −1.4 to 1.2 −0.01 0.92

Disease status

(CR/PR: 0, SD/PD:

1)

−4.6 −39.5 to 30.2 −0.03 0.79

ΔHb 14.6 1.23− 28.1 0.24 0.03

m-CRS grade

(mild: 0,

moderate/severe: 1)

−37.3 −71.0 to−3.7 −0.25 0.03

ICANS (−: 0,+: 1) −56.0 −111.0 to−0.92 −0.22 0.04

Abbreviations: CI, confidence interval; CR, complete response; CRS, cytokine release syndrome; Hb, hemoglobin; ICANS, immune effector cell-associated

neurotoxicity syndrome; PD, progressive disease; PR, partial response; SD, stable disease.

Bold value statistically significant p< 0.05.

−67.5 m in patients with ICANS, p = 0.02; Figure 2D), although ICANS

was observed in relatively few patients (N= 7, 9%).

3.5 Multivariate analyses for factors influencing
exercise tolerance in CAR-T-cell therapy patients

According to results shown above (univariate analyses), we performed

multivariate analyses, including pre-CAR-T patient characteristics (sex,

age, and disease status). CAR-T-related variables (ΔHb, m-CRS grade,

and ICNAS) indicated that ΔHb (β = 0.24, p = 0.03), moderate/severe

m-CRS (β = -0.25, p = 0.03), and development of ICANS (β = -

0.22, p = 0.04) showed significant factors negatively associated with

Δ6MWD (Table 3). These results indicated that the patient cohort with

moderate/severeCRS and associated cytopenia/or ICANSexperienced

a significant decrease or delayed recovery in 6MWD after CAR-

T treatment, suggesting weakened physical tolerance during CAR-T

treatment.

4 DISCUSSION

In this study, we implemented rehabilitation interventions for patients

undergoing CAR-T-cell therapy and assessed changes in exercise toler-

ance before and after treatment. Our findings revealed that exercise

tolerance was less likely to become impaired in CAR-T-cell therapy

patients undergoing appropriate rehabilitation intervention. More-

over, a significant outcome of our study was its recognition of post-

CAR-T-specific complications, moderate/severe CRS, and ICANS, as

key factors influencing the decline (or delayed recovery) in exercise tol-

erance after treatment, while other factors including sex, age, disease

status were not significant risk factors for reduced exercise tolerance.

First, we checked pre-CAR-T treatment 6MWD and found that the

median was as low as 450 m, which was lower than that observed

in studies involving allogeneic hematopoietic stem cell transplant

patients [12, 13]. Correlation analyses revealed that disease status

(as indicated by disease status or LDH) and HCT-CI was significantly

associated with lower 6MWD. These results are supported by various
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findings or patient characteristics of our cohort. Indications for CAR-

T-cell therapy primarily include refractory and relapsed patients [14,

15], and actually, most patients in this study had undergone multiple

rounds of chemotherapy, including transplantation. Previous investi-

gations comparing physical function before and after chemotherapy

have consistently reported a gradual decline in physical capacity during

treatment [16]. Moreover, poorly controlled disease statusmay induce

chronic systemic inflammation leading to a state of cancer cachexia

[17]. Our results of low 6MWD and associated factors are consistent

with these studies, although the number of prior lines or courses of

chemotherapy was not significant in this study, probably due to the

small numberof patients. Assessingphysical function inpatients before

CAR-T-cell therapy and considering interventions to enhance exercise

tolerance during the pretreatment phase may significantly optimize

therapeutic outcomes.

Next, we analyzed the change of exercise tolerance before and

after CAR-T treatment. We confirmed that the majority of CAR-T-

cell therapy patients under rehabilitation intervention exhibited only a

minor decrease (or rather recovery) in 6MWD throughout treatment.

These data partially prove the general hypothesis that CAR-T-cell ther-

apy, requiring less intense pretreatment and other procedures, is less

invasive than conventional auto- or allogeneic transplantation, where

6MWDdeteriorates significantly, even with appropriate rehabilitation

intervention. Moreover, we found that this result was parallel in each

subgroup of age (younger or older), suggesting that CAR-T-cell therapy

may be applicable to older patients when examined from the perspec-

tive of physical function. In our cohort, the maximum age was 75 years

at the time of infusion.

After reviewing the whole trend of 6MWD, focusing on pre-CAR-

T treatment variables, we then focused on post-treatment CAR-T-

specific adverse events and found that CRS and ICANS can negatively

impactΔ6MWD.With recent advances in clinical management, includ-

ing prompt response to tocilizumab and corticosteroid administration,

the incidence of grade 2 or higher CRS has declined, whereas milder

cases (grade 1) have become more prevalent. “Severity” of ASTCT

grade 1 CRS varies widely, so our institution subdivided CRS into

grades 1a and 1b, based on duration of CRS-related symptoms [8].

Using that modified score, this study revealed that severe CRS as

well as “moderate” CRS (grade 1 but longer duration of fever), and a

decrease in Hb after CRS are risk factor for decrease or delayed recov-

ery in exercise tolerance. This novel finding shows that long-lasting

CRS is significantly deleterious for patient physical status. Biologi-

cally, fever is a key factor leading to reduced physical activity and a

heightened sense of fatigue [18]. In addition, prolonged fever can cause

transient yet systemic inflammation and decreased oral intake, result-

ing in a hypercatabolic state [19, 20]. Moreover, a negative correlation

between Δ6MWD and fever duration, as a continuous variable, sup-

ports the rationale for subdividingCRS into grades 1a and1b, as amore

sensitive identification of reduced exercise tolerance in patients classi-

fiedasmildby conventionalASTCTstandards. It is likely that the impact

on exercise tolerance was greater in patients with an illness severity

greater than grade 2, as these patients are subject to more intensive

therapeutic management, including oxygen administration and other

supportive measures. Additionally, a decrease in Hb following CAR-

T therapy was identified as a factor influencing Δ6MWD. Typically, a

reduction in Hb triggers an increase in heart rate to maintain ade-

quate oxygen supply to tissues, whichmay heighten subjective feelings

of breathlessness. These Hb fluctuations during treatment could have

impacted Δ6MWD. The severity of CRS is associated with cytope-

nia [8], and both CRS and the associated cytopenia were found to be

significant factors affectingΔ6MWD.

Correlation with ICANS and post-CAR-T exercise tolerance is also

newly revealed in this study. Decreased physical activity during ICANS

might have exerted a greater influence than treatment of ICANS

(corticosteroid administration), because corticosteroid use influences

exercise tolerance typically only after amonth.

Disease status and LDHwere associatedwith pretreatment 6MWD,

but were not significantly associated with Δ6MWD in our analysis;

however, these factorswere risk factors ofCRS [21–25], and it is imper-

ative to develop tailored rehabilitation strategies according to CRS

severity risk factors, as well as pre-CAR-T 6MWDvalues.

This study covers comprehensive analyses of exercise tolerance

before and after CAR-T treatment, but has several limitations. First,

this is a single-center study with a limited number of cases. There-

fore, further investigation is necessary to validate our results. Second,

our study did not precisely evaluate the impact of rehabilitation itself

on CAR-T-cell therapy patients, because all patients received the

same rehabilitation intervention (no cohort without rehabilitation).

To ascertain the effect of rehabilitation, a study comparing patients

with or without rehabilitation, or different types of rehabilitation is

necessary.

In conclusion, this study demonstrates that CAR-T-cell therapy

patients undergoing rehabilitation exhibit a lower likelihood of devel-

oping exercise intolerance throughout the treatment phase. This

potentially broadens the age criterion for CAR-T-cell therapy eligibil-

ity, based on exercise tolerance. Nevertheless, the severity of CRS and

the incidence of ICANS could diminish exercise tolerance during treat-

ment. Therefore, tailored intervention strategies should be developed

for these patients in clinical practice.
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