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Abstract

Sinusoidal obstruction syndrome (SOS) is a fatal complication of hematopoietic stem

cell transplantation (HSCT). Early diagnosis for SOS can improve clinical outcomes sig-

nificantly.Here,weperformeda retrospective study to investigate theCairodiagnostic

criteria, in which SOS was defined as the development of two or more in seven events,

including transfusion-refractory thrombocytopenia. Among 154 cases of allogeneic

HSCT, 10 cases of SOS using the European Society for Blood and Marrow Transplan-

tation criteria (EBMT16) as the reference standard were identified. The original Cairo

criteria could diagnose SOS 5 days earlier than any other established criteria, with

some false-positive results (sensitivity = 100.0%; specificity = 72.2%). When the cut-

off was set to three events for the Cairo criteria, the diagnosis of SOS could be made

3 days earlier than that using the EBMT16 criteria, with comparable precision (speci-

ficity = 86.1%). The accuracy of the Cairo criteria improved further when the cutoff

pointwas set to four (specificity=93.8%). The fulfillmentof theCairo criteriawas asso-

ciatedwith highmortality. Based onour results, theCairo criteriawere also considered

clinically useful, especially at three or four cutoff points. Further studies are required

to validate and refine the criteria.
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1 INTRODUCTION

Allogeneic hematopoietic stem cell transplantation (allo-HSCT) is

widely administered as a curative treatment for various hematological

diseases. However, allo-HSCT can cause potentially fatal complica-

tions, such as graft-versus-host disease and sinusoidal obstruction

syndrome (SOS), previously known as a veno-occlusive disease. The

incidence of SOS has been estimated at approximately 10%–15% after

allo-HSCT [1–3]. Severe SOSwithmultiple organ failure (MOF) is asso-

ciated with an extremely high mortality rate (> 80%) [3]. Some studies

have demonstrated that early initiation of treatment for SOS is related

to significant improvement in clinical outcomes [4–6]. Therefore, early

diagnosis is necessary to treat SOS effectively.

Owing to the difficulty in definitive diagnoses by invasive proce-

dures, such as liver biopsy immediately after HSCT, SOS had been

diagnosed with the modified Seattle criteria and/or the Baltimore cri-

teria as surrogate gold standards for a long time [7, 8]. The Baltimore

criteria contain themandatory event of hyperbilirubinemia (≥2mg/dL)

for diagnosis of SOS. As the elevation of bilirubin can be a delayed

manifestation in SOS [9], this event potentially leads to a delay in the

diagnosis. In 2016, the European Society for Blood andMarrow Trans-

plantation (EBMT) advocated the revised diagnostic criteria for SOS

in adults (EBMT16 criteria) [9]. Using the EBMT16 criteria, “classical

SOS” is diagnosed with almost identical events to the Baltimore crite-

ria, including hyperbilirubinemia. Therefore, these criteria could also

lead to a delay in diagnosis.

Recently, Cairo et al. have proposed their own set of original diag-

nostic criteria [10]. They defined SOS as the development of two or

more of the seven events (Table 1). The unique characteristics of their

criteria are as follows: refractory thrombocytopenia andDoppler ultra-

sound findings. Furthermore, hyperbilirubinemia is not a mandatory

event, and the threshold for hyperbilirubinemia is lower than those in

other established criteria. While the “Cairo criteria” are expected to

allow for earlier diagnosis compared to the other established criteria,

no verification and validation studies have been performed yet. In this

study, we verified the “Cairo criteria” by performing a retrospective

investigation of patients who underwent allo-HSCT.

2 METHODS

2.1 Patients

Data frompatients aged≥ 18 yearswho underwent allo-HSCT at Kobe

University Hospital between January 2012 and July 2022 were retro-

spectively analyzed. This study was approved by the Ethics Committee

of Kobe University Hospital (No. B220141), and the requirement for

informed consent was waived due to the retrospective nature of the

study. The patients who participated in this study were offered the

opportunity to opt-out. This study was conducted in accordance with

the principles of the Declaration of Helsinki.

2.2 Definitions of SOS and related terms

The modified Seattle criteria define SOS as the development of

two or more of the following events within 20 days after HSCT: (1)

hyperbilirubinemia (> 2 mg/dL), (2) hepatomegaly and/or right upper

quadrant pain, and (3) weight gain (> 2% compared to baseline weight

pre-HSCT) [7]. TheBaltimore criteria define SOSas thedevelopmentof

hyperbilirubinemia (≥2mg/dL) and twoormoreof the following events

within 21 days after HSCT: (1) hepatomegaly, (2) ascites, and (3) weight

gain (≥ 5% compared to baseline weight pre-HSCT) [8]. The EBMT16

criteria define “classical SOS” as the development of hyperbilirubine-

mia (≥ 2 mg/dL) and two or more of the following events within 21

days after HSCT: (1) painful hepatomegaly, (2) ascites, and (3) weight

TABLE 1 Diagnostic criteria for SOS.

Established criteria Modified diagnostic criteria

Modified Seattle criteria [7] Baltimore criteria [8] EBMT16 criteria (classical

SOS) [9]

Cairo criteria [10]

The presence of two ormore of

the followingwithin 20 days

The presence of hyperbilirubinemia:≥ 2mg/dL and two or

more of the followingwithin 21 days

The presence of two or

more of the following

Or the presence of

either of the

following

(1) Hyperbilirubinemia:

> 2mg/dL

(2) Hepatomegaly and/or Right

upper quadrant pain

(3) Weight gain:> 2%

(1) Hepatomegaly

(2) Ascites

(3) Weight gain:≥ 5%

(1) Painful hepatomegaly

(2) Ascites

(3) Weight gain:> 5%

(1) Hyperbilirubinemia:

> upper institutional

limits

(2) Weight gain:≥ 5%

(3) Refractory

thrombocytopenia

(4) Hepatomegaly

(5) Right upper quadrant

pain

(6) Ascites

(7) Reversal of portal

venous flow

(1) Liver biopsy

finding

(2) Elevated portal

venous wedge

pressure

Abbreviations: EBMT, European Society for Blood andMarrow Transplantation; SOS, sinusoidal obstruction syndrome.
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ICHIKAWA ET AL. 697

gain (> 5% compared to baseline weight pre-HSCT) [9]. We defined

“classical SOS” using the EBMT16 criteria as the reference standard.

We configured SOS diagnosis by the “Cairo criteria” as the develop-

ment of two ormore of the following eventswithin 21 days afterHSCT:

(1) hyperbilirubinemia beyond the upper institutional limits (1.5 mg/dL

in our institution), (2) weight gain (≥ 5% compared to baseline weight

pre-HSCT), (3) platelet transfusions consistent with refractory throm-

bocytopenia (24h corrected count increment falling below4.5×109/L)

[11], (4) hepatomegaly, (5) right upper quadrant pain, (6) ascites, and (7)

reversal of portal venous flow (hepatofugal flow) detected on Doppler

ultrasound of the liver [10]. Either of the following events would also

be defined as SOS: a liver biopsy consistentwith SOSor elevated portal

venous wedge pressure by direct measurements.

MOF was defined as coexistence with renal failure (serum crea-

tinine ≥ 3 × the upper limit of normal or dependence of dialysis)

and/or respiratory failure (oxygen saturation < 90% on room air,

requirement for oxygen supplementation, or ventilator dependence)

[1]. Remission of SOS was defined as the resolution of all signs and

symptoms of established SOS diagnostic criteria [1]. The severity

of SOS for cases who fulfilled any of the established criteria was

gradedusing theEBMT16grading for adults [9]. Conditioning regimens

were classified as myeloablative conditioning if any of the follow-

ing regimens were used: total body irradiation > 8 Gy, intravenous

busulfan ≥ 7.2 mg/kg, or melphalan ≥ 140 mg/m2. Other conditioning

regimens were classified as reduced-intensity conditioning [12].

2.3 Statistical analysis

Categorical and continuous variables of case characteristics were

compared using Fisher’s exact test and the Mann–Whitney U test,

respectively. The intervals of diagnosed days between each criterion

and the EBMT16 criteria were compared using the Wilcoxon signed-

rank sum test. To compare the specificity of each criterion, the negative

proportion of each test in non-SOS cases was compared using the

McNemar test with Yates’s continuity correction [13]. The incidence of

theSOSestimatedbyeach criterionwas calculatedusing themethodof

cumulative incidence, considering non-SOSmortality as the competing

risk. Using the receiver operating characteristic (ROC) curve, the opti-

mal cutoff was determined as the point closest to the upper left corner.

Overall survival was estimated using the Kaplan–Meier method with

the log-rank test. Statistical significance was defined as a two-tailed p

value < 0.05. All statistical analyses were performed using R version

4.1.2 and EZR version 1.55 [14].

3 RESULTS

3.1 Case characteristics

Data from 135 patients (154 transplant cases) were analyzed. The

median follow-up period for survivors was 1008 days (33–3823) after

allo-HSCT. The characteristics of all the cases are shown in Table 2.

F IGURE 1 Intervals of diagnosed days from each of the criteria
groups to the EBMT16 criteria. By applying each criterion, all cases
could be diagnosed as soon as, or earlier than the EBMT16 criteria.
*p< 0.05. # Original Cairo criteria could diagnose SOS significantly
earlier than themodified Seattle criteria (p< 0.05). Abbreviations:
Cairo 2, original Cairo criteria with two ormore events; Cairo 3, Cairo
criteria with three or more events; Cairo 4, Cairo criteria with four or
more events; EBMT, European Society for Blood andMarrow
Transplantation; mSeattle, modified Seattle criteria.

The number of cases who developed “classical SOS” according to the

EBMT16criteriawas10 (6.5%).Grade3and4SOSwasobserved in two

and eight cases, respectively, and no grade 1 or 2 SOSwas observed. In

our cohort, haploidentical-related transplantation was not performed.

Ursodeoxycholic acid for SOS prophylaxis was routinely used in our

hospital during the physicians estimated it to be required. A summary

of the treatment and clinical outcomes for the cases with classical SOS

is shown in Table S1.

3.2 Evaluation of established diagnostic criteria
and the Cairo diagnostic criteria

The median numbers of days on which SOS was diagnosed using each

criterion are shown in Table S2. Among the 10 cases with “classical

SOS,” three were diagnosed earlier with the modified Seattle criteria

than with the EBMT16 criteria (Figure 1). Differences in the time of

diagnosis between the modified Seattle criteria and the EBMT16 cri-

teria were not statistically significant (median, 0.0 days; range, 0–9

days; p = 0.174). No differences were observed in the diagnosis time

between the Baltimore and EBMT16 criteria. Among the 10 cases with

classical SOS, nine were diagnosed significantly earlier with the orig-

inal Cairo criteria than with the EBMT16 criteria (median, 5.0 days;

range, 0–16days;p=0.008). Furthermore, seven caseswerediagnosed
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698 ICHIKAWA ET AL.

TABLE 2 Case characteristics.

Total cases Classical SOS No SOS

N 154 10 144 p value

Median (range) age, years 52 (19–69) 47 (28–57) 52 (19–69) 0.23

Sex (%) Male 91 (59.1) 5 (50.0) 86 (59.7) 0.79

Female 63 (40.9) 5 (50.0) 58 (40.3)

Disease (%) AML 59 (38.3) 3 (30.0) 56 (38.9) 0.57

ALL/LBL 32 (20.8) 1 (10.0) 31 (21.5)

MDS 16 (10.4) 1 (10.0) 15 (10.4)

CML/MPN 10 (6.5) 2 (20.0) 8 (5.6)

ML 15 (9.7) 2 (20.0) 13 (9.0)

MM 4 (2.6) 0 (0.0) 4 (2.8)

ATL 8 (5.2) 0 (0.0) 8 (5.6)

AA 3 (1.9) 0 (0.0) 3 (2.1)

Othera 7 (4.5) 1 (10.0) 6 (4.2)

Disease status (%) CR 95 (61.7) 1 (10.0) 94 (65.3) <0.01

PR 13 (8.4) 1 (10.0) 12 (8.3)

SD 2 (1.3) 0 (0.0) 2 (1.4)

PD 35 (22.7) 7 (70.0) 28 (19.4)

Unevaluable 9 (5.8) 1 (10.0) 8 (5.6)

ECOGPS (%) 0 32 (20.8) 0 (0.0) 32 (22.2) <0.01

1 106 (68.8) 5 (50.0) 101 (70.1)

2 10 (6.5) 2 (20.0) 8 (5.6)

3 4 (2.6) 3 (30.0) 1 (0.7)

4 2 (1.3) 0 (0.0) 2 (1.4)

HCT-CI (%) 0 40 (26.0) 0 (0.0) 40 (27.8) 0.11

1–2 34 (22.1) 4 (40.0) 30 (20.8)

≥3 80 (51.9) 6 (60.0) 74 (51.4)

Source (%) BM 63 (40.9) 2 (20.0) 61 (42.4) 0.14

PBSC 28 (18.2) 4 (40.0) 24 (16.7)

CB 63 (40.9) 4 (40.0) 59 (41.0)

Donor (%) Related 30 (19.5) 3 (30.0) 27 (18.8) 0.65

Unrelated 124 (80.5) 7 (70.0) 117 (81.2)

Number of transplantation (%) 1 130 (84.4) 9 (90.0) 121 (84.0) 0.85

2 22 (14.3) 1 (10.0) 21 (14.6)

3 2 (1.3) 0 (0.0) 2 (1.4)

HLA serotypemismatch (%) No 73 (47.4) 5 (50.0) 68 (47.2) 1.00

Yes 81 (52.6) 5 (50.0) 76 (52.8)

HLA genotypemismatch (%) No 64 (41.6) 5 (50.0) 59 (41.0) 0.82

Yes 90 (58.4) 5 (50.0) 85 (59.0)

Conditioning (%) MAC 66 (42.9) 5 (50.0) 61 (42.4) 0.89

RIC 88 (57.1) 5 (50.0) 83 (57.6)

BU containing regimen (%) 50 (32.5) 3 (30.0) 47 (32.6) 1.00

TBI containing regimen (%) 134 (87.0) 8 (80.0) 126 (87.5) 0.84

(Continues)
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ICHIKAWA ET AL. 699

TABLE 2 (Continued)

Total cases Classical SOS No SOS

N 154 10 144 p value

GVHDprophylaxis (%) TAC+MMF 126 (81.8) 8 (80.0) 118 (81.9) 0.96

CyA+MMF 17 (11.0) 1 (10.0) 16 (11.1)

TAC alone 10 (6.5) 1 (10.0) 9 (6.2)

Other 1 (0.6) 0 (0.0) 1 (0.7)

Previous exposure to GO (%) 1 (0.6) 0 (0.0) 1 (0.7) 1.00

Previous exposure to INO (%) 2 (1.3) 0 (0.0) 2 (1.4) 1.00

UDCA for SOS prophylaxis (%) Yes 148 (96.1) 10 (100.0) 138 (95.8) 0.39

No 6 (3.9) 0 (0.0) 6 (4.2)

Abbreviations: AA, aplastic anemia; ALL/LBL, acute lymphoblastic leukemia/lymphoma; AML, acutemyeloid leukemia; ATL, adult T-cell leukemia/lymphoma;

BM, bone marrow; BU, busulfan; CB, cord blood; CML/MPN, chronic myeloid leukemia/myeloproliferative neoplasm; CR, complete remission; CyA,

cyclosporine; ECOG PS, Eastern Cooperative Oncology Group performance status; GO, gemtuzumab ozogamicin; GVHD, graft-versus-host disease; HCT-

CI, hematopoietic cell transplant comorbidity index; HLA, human leukocyte antigen; INO, inotuzumab ozogamicin; MAC, myeloablative conditioning; MDS,

myelodysplastic syndrome; ML, malignant lymphoma; MM, multiple myeloma; MMF, mycophenolate mofetil; PBSC, peripheral blood stem cell; PD, progres-

sive disease; PR, partial remission; RIC, reduced-intensity conditioning; SD, stable disease; SOS, sinusoidal obstruction syndrome; TAC, tacrolimus; TBI, total

body irradiation; UDCA, ursodeoxycholic acid.
aThe “other” disease category contains T-cell prolymphocytic leukemia, chronic active Epstein–Barr virus infection, and so on.

significantly earlier with the original Cairo criteria than with the mod-

ified Seattle criteria (median, 4.0 days; range, 0–12 days; p = 0.022).

The cumulative incidence of SOS diagnosed according to each crite-

rion is shown in Figure 2. Non-SOS death as a competing risk was not

observed within 21 days after allo-HSCT.

Considering “classical SOS” in the EBMT16 criteria as the reference

standard of SOS, the sensitivity of the modified Seattle, Baltimore, and

original Cairo criteria was 90.0%, 100.0%, and 100.0%, respectively

(Figure 3 and Table S3). The specificity of the modified Seattle, Balti-

more, and original Cairo criteria was 87.5%, 99.3%, and 72.2%, respec-

tively. The specificity of the original Cairo criteria was significantly

lower than that of themodified Seattle criteria (p< 0.001).

3.3 Evaluation of the Cairo diagnostic criteria
with various cutoff levels

To improve the performance of the Cairo criteria, we next examined

these criteria when the cutoff point for the number of events was

raised to various levels. When the cutoff point was set to three events,

six cases were diagnosed significantly earlier by the Cairo criteria with

three events than by the EBMT16 criteria (median, 3.0 days; range, 0–

16days; p=0.036) (Figure 1).While four caseswith classical SOS could

also bediagnosed earlier by theCairo criteriawith three events thanby

themodified Seattle criteria, significancewasnot observed (median0.0

days; range, 0–5 days; p=0.089).When the cutoff pointwas set to four

events, five cases could be diagnosed earlier by the Cairo criteria with

four events than by the EBMT16 criteria, whereas significancewas not

observed (median, 0.5 days; range 0–9 days; p= 0.058).

The sensitivity of the Cairo criteria with cutoff three, four, and five

events was 100.0%, 100.0%, and 70.0%, respectively (Figure 3 and

Table S3). The specificity of the Cairo criteria with cutoff three, four,

and five eventswas 86.1%, 93.8%, and 100.0%, respectively. Therewas

no significant difference in specificity between the Cairo criteria with

three events and the modified Seattle criteria (p = 0.789). The speci-

ficity of theCairo criteriawith four eventswas significantly higher than

that of the modified Seattle criteria (p = 0.027). The ROC curve for

the Cairo criteria is shown in Figure 3. Regarding diagnostic precision,

the optimal cutoff was identified as four. The diagnostic precision and

diagnosed time estimated using each of the criteria are summarized in

Table 3.

3.4 Association between SOS diagnosis and
clinical outcomes

In all cases, the proportion of survival at 100 days after allo-HSCT was

85.9% (95% confidence interval [CI], 79.3%–90.6%). The fulfillment of

the modified Seattle, Baltimore, or EBMT16 criteria was related to

a significant deterioration of overall survival (Figure 4A–C). The pro-

portion of survival at 100 days after allo-HSCT was 59.3% (95% CI,

38.6%–75.0%), 36.4% (95% CI, 11.2%–62.7%), and 30.0% (95% CI,

7.1%–57.8%) for the modified Seattle, Baltimore, and EBMT16 crite-

ria, respectively. The increased number of cutoff points in the Cairo

criteria was related to poor overall survival (Figure 4D–H). The pro-

portion of survival at 100 days after allo-HSCT for cutoff points one

to five were 78.6% (95% CI, 69.1%–85.5%), 65.4% (95% CI, 50.4%–

76.9%), 56.7% (95% CI, 37.3%–72.1%), 36.8% (95% CI, 16.5%–57.5%),

and 14.3% (95% CI, 0.7%–46.5%), respectively. Overall survival curves

grouped by EBMT16 severity grade and Cairo maximum points are

shown in Figure S1. The EBMT16 severitywas graded for 28 caseswho

met any established criteria. Both factors tended to be associated with

a deterioration in survival.

The proportions of the development of events in the Cairo crite-

ria at the time of fulfilling each criterion are shown in Table 4. In

this study, transfusion-refractory thrombocytopenia was frequently
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700 ICHIKAWA ET AL.

F IGURE 2 The cumulative incidence of SOS estimated by each of the criteria groups. Deaths without SOS as a competing risk were not
observed within 21 days after allo-HSCT. Abbreviations: Cairo 2, original Cairo criteria with two ormore events; Cairo 3, Cairo criteria with three
or more events; Cairo 4, Cairo criteria with four or more events; EBMT, European Society for Blood andMarrow Transplantation; HSCT,
hematopoietic stem cell transplantation; mSeattle, modified Seattle criteria.

F IGURE 3 Sensitivity and specificity of the Cairo criteria. (A) ROC curve of the Cairo criteria. The EBMT16 criteria were used as a reference
standard. The sensitivity/specificity of themodified Seattle criteria is pointed out. Optimal cutoff point is identified as four. (B) Details of
sensitivity/specificity for each cutoff point of the Cairo criteria. 95% confidence intervals for each parameter are shown. *p< 0.05. Abbreviations:
EBMT, European Society for Blood andMarrow Transplantation; mSeattle, modified Seattle criteria; ROC curve, receiver operating characteristic
curve.
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ICHIKAWA ET AL. 701

TABLE 3 Summary of the diagnostic precision and diagnosed time estimated using each of the criteria.

Sensitivity (%), (95%CI) Specificity (%), (95%CI)

Intervals to EBMT16 diagnosis,

days, median (range)

mSeattle 90.0 (55.5–99.7) 87.5 (81.0–92.4) 0.0 (0–9)

Baltimore 100.0 (58.7–100.0) 99.3 (96.2–100.0) 0.0 (0–0)

Cairo 2 100.0 (58.7–100.0) 72.2 (64.2–79.4) 5.0 (0–16)

Cairo 3 100.0 (58.7–100.0) 86.1 (79.4–91.3) 3.0 (0–16)

Cairo 4 100.0 (58.7–100.0) 93.8 (88.5–97.1) 0.5 (0–9)

Cairo 5 70.0 (34.8–93.3) 100.0 (96.2–100.0) 0.0 (−8–2)

Abbreviations: 95% CI, 95% confidence interval; Cairo 2, original Cairo criteria with two or more events; Cairo 3, Cairo criteria with three or more

events; Cairo 4, Cairo criteria with four or more events; Cairo 5, Cairo criteria with five or more events; EBMT, European Society for Blood and Marrow

Transplantation; mSeattle, modified Seattle criteria.

TABLE 4 The proportions of the development of events at the time fulfilling each of the diagnostic criteria.

N
Hyperbiliru-

binemia

Weight

gain

Thrombo-

cytopenia Hepatomegaly Pain Ascites Doppler

mSeattle (%) SOS (+) 9 6 (66.7) 9 (100.0) 7 (77.8) 4 (44.4) 5 (55.6) 6 (66.7) 1 (11.1)

SOS (−) 18 3 (16.7) 17 (94.4) 10 (55.6) 10 (55.6) 8 (44.4) 4 (22.2) 0 (0.0)

Cairo 2 (%) SOS (+) 10 5 (50.0) 6 (60.0) 9 (90.0) 2 (20.0) 3 (30.0) 3 (30.0) 0 (0.0)

SOS (−) 40 11 (27.5) 20 (50.0) 34 (85.0) 8 (20.0) 9 (22.5) 5 (12.5) 0 (0.0)

Cairo 3 (%) SOS (+) 10 7 (70.0) 8 (80.0) 8 (80.0) 4 (40.0) 4 (40.0) 6 (60.0) 1 (10.0)

SOS (−) 20 8 (40.0) 13 (65.0) 18 (90.0) 10 (50.0) 9 (45.0) 7 (35.0) 0 (0.0)

Cairo 4 (%) SOS (+) 10 9 (90.0) 9 (90.0) 8 (80.0) 4 (40.0) 5 (50.0) 7 (70.0) 1 (10.0)

SOS (−) 9 4 (44.4) 8 (88.9) 8 (88.9) 7 (77.8) 4 (44.4) 5 (55.6) 0 (0.0)

EBMT16 (%) 10 10 (100.0) 10 (100.0) 8 (80.0) 4 (40.0) 5 (50.0) 8 (80.0) 1 (10.0)

Abbreviations: Cairo 2, original Cairo criteria with two or more events; Cairo 3, Cairo criteria with three or more events; Cairo 4, Cairo criteria with four or

more events; EBMT, European Society for Blood andMarrow Transplantation; mSeattle, modified Seattle criteria.

observed in cases with SOS. One case with SOS developed a reversal

of portal venous flow detected on Doppler ultrasound. Our study had

no instancesof “hepatic biopsy consistentwithSOS”or “elevatedportal

venous wedge pressure by direct measurements.”

4 DISCUSSION

The original Cairo criteria, defined as the development of two or more

events, could diagnose SOS significantly earlier than any other estab-

lished criteria. As it can lead to the early initiation of SOS treatment,

these criteria are considered clinically valuable. The modified Seattle

criteria could not diagnose SOS significantly earlier than the EBMT16

criteria could. Defibrotide, known as an effective medication for SOS,

has resulted in significant improvement when treating patients with

severe SOS [15]. Some studies have demonstrated that a delay in the

initiation of defibrotide treatment of over 2 days could significantly

decrease the proportion of survival after HSCT [4–6]. Therefore, early

diagnosis is necessary to treat SOS effectively. The original Cairo

criteria were superior to the established criteria in terms of the early

diagnosis of SOS. However, the specificity of the original Cairo criteria

was significantly lower than that of the modified Seattle criteria.

Pediatric diagnostic criteria for SOS advocated by the EBMT16, which

resemble the Cairo criteria, showed similar results [16–18]. While a

diagnosis with the pediatric criteria was on average 3 days earlier than

with the Seattle criteria, the number of patients fulfilling these criteria

was extremely high (44.8% of patients undergoing allo-HSCT) [17].

Similarly, diagnosis with the original Cairo criteria contained a high

rate of false positives. As defibrotide may cause fatal side effects, such

as hemorrhage [19], the precise diagnosis of SOS is also important.

Therefore, we next examined the Cairo criteria when the cutoff point

was raised to various levels.

When the cutoff point was set to three events instead of two, the

Cairo criteria could also diagnose SOS significantly earlier than the

EBMT16 criteria. Diagnostic precision was comparable to that of the

modified Seattle criteria. The interval of diagnosis between these cri-

teria and the EBMT16 criteria was approximately 3 days. According to

the study on defibrotide mentioned above, a 2-day delay in SOS diag-

nosis is associated with worse clinical outcomes [4–6]. Therefore, this

difference is considered clinically important. Consequently, a cutoff of

three events would have a greater clinical benefit than the established

criteria.When the cutoff pointwas set to four events, theCairo criteria

could diagnose SOSwith precision superior to themodified Seattle cri-

teria. While earlier diagnosis compared to the established criteria was
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702 ICHIKAWA ET AL.

F IGURE 4 Kaplan–Meier curves of overall survival, grouped by the development of each of the criteria. The hazard ratios and 95% confidence
intervals for each criterion are shown. Each proportion of survival at 100 days after HSCTwas (A) 59.3% versus 91.8%, (B) 36.4% versus 89.8%, (C)
30.0% versus 89.9%, (D) 78.6% versus 100.0%, (E) 65.4% versus 96.0%, (F) 56.7% versus 93.3%, (G) 36.8% versus 93.1%, and (H) 14.3% versus
89.4%, respectively. Abbreviations: EBMT, European Society for Blood andMarrow Transplantation; HR, hazard ratio; HSCT, hematopoietic stem
cell transplantation; mSeattle, modified Seattle criteria.

not achieved, in terms of diagnostic precision, this cutoff was also con-

sidered clinically useful.When the cutoff pointwas set to five events or

more, these criteria were considered clinically inadequate because of

the deterioration in sensitivity. Taken together, the Cairo criteria were

considered clinically useful, especially by using three or four event

cutoff points. We propose that the development of three events in

the Cairo criteria is considered “possible SOS,” and the development

of four events is considered “confirmed SOS.” The term “confirmed”

derives from the best diagnostic precision in the Cairo criteria. The

term “possible” derives from the next best diagnostic precision and the

possibility of early diagnosis. The use of these criteria might be associ-

ated with early and adequate treatment of SOS and improvements in

clinical outcomes.

The Cairo criteria differ from established criteria in its use of

“platelet transfusions consistent with refractory thrombocytopenia”

as a diagnostic event. Some clinical studies have suggested that

refractory thrombocytopenia with excessive platelet transfusions is

often observed in SOS [7, 19–21]. Similar to these studies, refractory
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thrombocytopeniawas frequently observed among the caseswith SOS

in our study (≥ 80%). However, as thrombocytopenia is a very common

findingafter allo-HSCT, the false-positive ratemaybealsohigh. Further

investigation into the definition of this event is required. Another event

unique to the Cairo criteria, “reversal of portal venous flow detected

onDoppler ultrasound,” was observed in only one case with SOS in our

cohort. Therefore, this event provided only aminor contribution to the

diagnosis. As Cairo et al. mentioned, this result might be based upon

the knowledge that this finding tends to be observed in the end stage

of SOS [10]. For early diagnosis, the inclusion of this event may require

some refinement. Other ultrasound approaches, such as HokUS-10,

seem to be helpful [22, 23].

Clinical literature has suggested that SOS without hyperbilirubine-

mia is uncommon in adults, unlike in children [7, 16]. However, one

study of patients with SOS, including those diagnosed by liver biopsy,

showed that SOS without hyperbilirubinemia was observed in approx-

imately 15% of patients [24]. Half of them were diagnosed within 21

days after HSCT. In other words, it is impossible to diagnose SOS in

some patients when using the EBMT16 criteria. The fact that some

cases in our cohort did not develop hyperbilirubinemia at the ful-

fillment of the modified Seattle criteria suggested the existence of

such patients. The Cairo criteria can diagnose such patients as having

SOS properly because hyperbilirubinemia is not mandatory. Similar to

previous studies [1, 3], SOS diagnosed using established criteria was

associated with an extremely high mortality in our study. Likewise, the

development of theCairo criteria eventswas associatedwith highmor-

tality. These results suggest that diagnosis and treatment based on the

Cairo criteria are clinically important.

Our study has some limitations. First, because it was a small ret-

rospective trial conducted in a single institution, this study lacked

sufficient power. Accordingly, the benefits of the Cairo criteria using

a cutoff of three or four events compared with the modified Seat-

tle criteria need further investigation and confirmation. Second, none

of the cases with SOS were definitively diagnosed by liver biopsy or

autopsy. According to a previous study on patients with SOS under-

going a hepatic biopsy, the sensitivity and specificity of the Baltimore

criteria were estimated to be 56% and 92%, respectively [21]. In our

study, the EBMT16 criteria were chosen as surrogate reference stan-

dards. Therefore, the true diagnostic precision of the Cairo criteria

remains unclear. Third, late-onset SOS was not investigated in this

study. The original Cairo criteria do not limit the SOS onset date. In

our study, we followed the EBMT16 criteria in which “classical SOS”

was defined within 21 days after HSCT. Further studies are needed to

evaluate these criteria in late-onset SOS. Despite these limitations, our

study is valuable as the first verification of these criteria.

In conclusion, the Cairo diagnostic criteria could diagnose SOS ear-

lier than the established criteria, with comparable precision. These

criteria could be useful for the early and precise diagnosis of SOS,

potentially leading to early initiation of treatment and improvement of

clinical outcomes. We propose that the development of three events

in the present criteria is considered “possible SOS,” and that the

development of four events is considered “confirmed SOS.”
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