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Assays that detect leukemia cells at low levels (measurable residual
disease [MRD]) by either multiparameter flow cytometry (MFC) or
molecular means are increasingly used in caring for patients with
acute myeloid leukemia (AML).1 Typically assessed in bone mar-
row aspirates (BMAs), MRD results have significant prognostic
implications.1-5 This has raised interest in using MRD detection to
improve prognostic accuracy, risk-stratify patients, detect early
relapse, and provide a surrogate biomarker for drug testing.
However, the frequency of MRD measurements is limited by the
invasiveness of bone marrow aspiration. This limitation could be
overcome if MRD assays could be used with similar accuracy in
peripheral blood (PB) specimens, and early results with MFC show
strong concordance between PB and BMA MFC.6-8 Here, we
address PB and BMA MFC concordance further in a large cohort.

Using our AML and hematopathology databases, we identified
724 BMA and PB sample pairs from 477 individual adult patients;
samples were considered paired if they were obtained within
1 week of each other. Median patient age was 59 years (range,
19-84 years), and according to the Medical Research Council
classification system, 6% had favorable, 61% had intermediate,
25% had adverse, and 8% had unknown cytogenetics.9 Ninety
four percent of patients were evaluated between 2008 and 2018
and 6% before 2008 at our center. Three-tube, 10-color MFC
with a panel of 3 antibody combinations was performed as
previously described.3,5,10 Any level of residual disease was
considered MRD-positive, except when otherwise specified.4

During the study period, BMAMFC testing was standard clinical
practice; PB MFC testing was at provider discretion and was not
standardized or performed at specific clinical time points. Other
MRD detection methods (eg, polymerase chain reaction) on
either BMA or PB were performed at provider discretion until
standardized in February 2015. Complete remission and relapse
were defined according to the European LeukemiaNet 2017
classification.11 Multiple PB-BMA sample pairs for an individual
patient were analyzed separately. The relationship between PB
and BMA blast percentage was measured using Spearman’s
rank-order correlation (using the methodology of Rosner and
Glynn12 when.1measurement on patients was included) and by
linear regression (mixedmodels used when.1measurement on
patients was included).13 Statistical analyses were performed
using R (R Foundation for Statistical Computing, Vienna, Austria).

We first evaluated whether our patient cohort was representative
of AML patients at our center, focusing on newly diagnosed (ND)
patients. A total of 323 (68%) of 477 patients had ND AML. Of
these, 292 arrived at our center between 2008 and 2018, which
represented 22% of the 1322 ND AML patients seen during that
time period. The complete remission rate among patients with
paired samples was 66% vs 51% (P, .0001) for NDAML patients
not in our cohort, possibly reflecting a higher proportion of
patients younger than age 65 years in our analysis cohort (65% vs
45%; P , .001), although additional selection bias cannot be
excluded. The remaining 154 of 477 patients in our cohort
were all treated between 2008 and 2018, and they represent
27% of the relapsed/refractory AML patients seen during that
period.

We then examined the relationship between PB and BMAMFC in
our cohort of 477 patients regardless of their remission status.
Considering all 724 pairs, the Spearman correlation coefficient
between PB and BMA blast percentage was 0.92 (Figure 1A) and
was 0.91 considering only the first sample pair for each patient
(Figure 1B). When considering any level of MRD as positive
(MRDpos), 355 of 477 BMA samples were considered MRDpos; of
these, paired PB samples were MRDpos in 327 of 355 cases
(sensitivity 92%) (Table 1). In BMA, 369 sample pairs were MRD-
negative (MRDneg), and 359 of 369 were also MRDneg in PB
(specificity 97%) (Table 1). Of the PB MRDpos pairs, 97% were
also BMA MRDpos (ie, positive predictive value [PPV]), whereas
93% of PB MRDneg pairs were also BMA MRDneg (ie, negative
predictive value [NPV]) (Table 1). Similar results were obtained
when considering only a patient’s first pair (Table 1). To address
the potential bias arising if PB was examined only after BMA
results were known, we also examined the 323 pairs in which PB
and BMA were obtained on the same day. Here sensitivity was
91%, specificity was 98%, PPV was 97%, and NPV was 94%, with
a Spearman coefficient of 0.93 (Table 1; Figure 1C). We also
examined the performance of MFC testing in BMA and PB in
pairs within 30 days before hematopoietic stem cell transplant
(HCT; n 5 32) and within 90 days after HCT (n 5 64) (Table 1;
Figure 1D-E). Sensitivity (90% and 79%) and NPV (96% and
81%) decreased from before transplant to after transplant,
suggesting a higher rate of false-negative PB results in patients
immediately post transplant.
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BecauseMRD detection is most relevant at low disease levels, our
remaining analyses evaluated pairs in which BMA blast count was
,5% by both morphology and MFC (n 5 209). The Spearman
correlation was 0.8, with sensitivity of 83%, specificity of 95%, PPV
of 90%, and NPV of 92% (Table 1; Figure 1F). When using 0.1%
abnormal blasts as a cutoff to denote MRDpos samples as pro-
posed by the European LeukemiaNet AMLMRD working group,1

sensitivity and NPV of PB were reduced to 62% and 85%, but
specificity and PPV remained high (Table 1). We then examined
the outcome of patients with discrepant PB-BMA MFC results in
this subset, again considering any level of MRD as MRDpos. The
7 PBpos/BMAneg pairs corresponded to 6 patients, and median PB
blast percentage was 1.9% (range, 0.01% to 6.9%). Four (67%) of
6 patients developed detectable disease in BMAon a subsequent
test in a median of 20 days (range, 7-42 days), and 3 of 4 patients
subsequently underwent HCT. The remaining 2 of 6 patients
received additional therapy within 1 month of MRD testing and
then underwent HCT within 4 to 6 months. The 12 PBneg/BMApos

pairs were from 12 different patients. The median BMA blast
percentage was 0.17% (range, 0.003% to 3.8%). Four (33%) of
12 patients experiencedmorphologic relapse in amedian 113days
(range, 29-288 days). Six of 8 patients without morphologic
relapse underwent treatment to prevent morphologic relapse,
with HCT being the next line of therapy in 4 of 6 patients.

We report the largest cohort of paired AML PB and BMA samples
pairs analyzed by MFC. In 209 pairs from patients who had disease
at the MRD level, PB MFC testing captured 83% of patients with
MRD in BMA byMFCwith excellent specificity (95%). There was no
suggestion that results were biased because PB was obtained only
after bone marrow aspiration. Although 0.1% blasts has been
proposed as an MFC MRDpos cutoff,1 our data suggest a loss of
sensitivity with this threshold, and our previous studies show that
any level of abnormal blasts is prognostically informative.3,4 Given
this study’s retrospective nature, our cohort included younger
patients, PB MFC was not performed at specific times, and there
may also be other biases. It is not known whether our findings can
be extended to other MRD detection techniques. Furthermore,
MFC techniques are not uniform, and our results may not be ap-
plicable to other centers with less experience. Given that the
sensitivity of PB for BMA disease ,90% in some analyses, bone
marrow aspiration is still indicated in patients for whom there is high
suspicion of relapse. Nonetheless, our demonstration that MRD
levels in PB and BMA are highly concordant has potential clinical
importance. Although the frequency of MRD monitoring may be
limited by cost, PBMFC can be assayedmuchmore frequently than
marrow and could replace some BMA studies without dramatic loss
of sensitivity and specificity. Thus, PB MFC testing could facilitate
serial monitoring, thereby providing AML patients and providers
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Figure 1. Relationship between bone marrow and PB blast percentage measured by MFC in patients with AML. PB and BMA blast percentage measured by MFC are
plotted for all sample pairs (A; N 5 724), first sample pair for each patient (B; n 5 477), pairs for which PB and BMA samples were obtained on the same day (C; n 5 323), pairs
obtained from patients within 30 days before HCT (D; n 5 32), pairs obtained within 90 days after HCT (E; n 5 64), and pairs for which BMA blasts were ,5% by both flow
cytometry and morphology (F; n 5 209). Spearman correlation coefficient and linear regression correlation coefficient are shown for each analysis.
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with additional information to guide discussions of prognosis and
treatment.
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Table 1. Relationship between PB and BMA flow cytometry

PBpos PBneg Sn/Sp (%)

All sample pairs (N 5 724)
BMApos 327 28 Sn: 92
BMAneg 10 359 Sp: 97

PPV: 97% NPV: 93%

First pair for each patient (N 5 477)
BMApos 242 21 Sn: 92
BMAneg 6 208 Sp: 97

PPV: 98% NPV: 91%

Pairs obtained on same day (N 5 323)
BMApos 115 12 Sn: 91
BMAneg 4 192 Sp: 98

PPV: 97% NPV: 94%

Pairs before HCT (N 5 32)
BMApos 9 1 Sn: 90
BMAneg 0 22 Sp: 100

PPV: 100% NPV: 96%

Pairs within 90 days after HCT (N 5 64)
BMApos 26 7 Sn: 79
BMAneg 1 30 Sp: 97

PPV: 96% NPV: 81%

Pairs with blasts <5% by both MFC and morphology
(N 5 209)
BMApos 60 12 Sn: 83
BMAneg 7 130 Sp: 95

PPV: 90% NPV: 92%

Pairs with blasts <5% by both MFC and morphology with
0.1% abnormal blasts as cutoff (N 5 209)
BMApos 39 24 Sn: 62
BMAneg 5 141 Sp: 97

PPV: 89% NPV: 85%

Sensitivity is the proportion of cases that are MRDpos in BMA and are also MRDpos in PB. Specificity is proportion of cases that are MRDneg in BMA and are also MRDneg in PB. PPV is the
proportion of cases that are MRDpos in PB and are also MRDpos in BMA. NPV is the proportion of cases that are MRDneg in PB that are also MRDneg in BMA.

Sn, sensitivity; Sp, specificity.
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Hemoglobin (a2b2) is encoded by the a- and b-globin gene
clusters. Analyses of mutations within the a-globin cluster that
downregulate a-globin expression (a-thalassemia) provide the
basis for genetic counseling and prenatal diagnosis of this
common form of anemia.1 Understanding the mechanisms by
which such mutations cause a-thalassemia has established many
of the principles by which mammalian genes are regulated and
how human genetic disease can occur. Here we describe an
individual with a unique a-globin genotype which addresses
how the human a-globin cluster is normally regulated.

The a-globin cluster on chromosome 16 (16p13.3) includes an
embryonic z-globin gene and duplicated a-globin genes
(aa/aa) arranged in the order 59-z-a2-a1-39. a-Globin tran-
scription is regulated by 4 cis-acting enhancers (R1-R4) located
10 to 48 kb upstream of the a-gene cluster (Figure 1A). Previous
studies have shown that in human R1 and R2 are the most
important enhancers, accounting for ;10% and ;90% of
a-globin expression, respectively.2-4

Previously reported patients have inherited chromosomes in
which R2 is deleted with or without deletions of the other
enhancers.1,5-9 Of importance, heterozygotes for a deletion re-
moving both R1 and R2 have a hematological phenotype

indistinguishable from those with a deletion of both a-globin
genes (--/aa), with a reduction in mean corpuscular volume and
mean corpuscular hemoglobin together with occasional red cells
containing hemoglobin H (HbH; b4) inclusions. This suggests
that R3 and R4 provide little, if any, enhancer activity, consistent
with similar findings in mouse.10 Individuals who inherit a single
allele in which just R2 is deleted [(aa)DR2/aa] have a phenotype
that appears milder than the --/aa genotype with no HbH in-
clusions seen in the peripheral blood.5,11 This is consistent with
residual activity from R1. An individual homozygous for a 3.3-kb
deletion including R2 [(aa)ALT/(aa)ALT] has HbH disease with a
severe hematological phenotype.3,5

We report a 26-year-old office worker of mixed ethnic origin, who
has a hematologically very severe form of a-thalassemia. Despite
this, she has only received 2 previous transfusions as a child, which
were associated with concurrent infections. Growth and devel-
opment were normal. She participated in normal childhood
sports, although “feeling tired” during them. Ultrasound showed
splenomegaly but no hepatomegaly. Hematological analysis
revealed a severe hypochromic, microcytic anemia, and HbH
inclusions in 30.7% of cells, but no evidence of iron overload
(Figure 2A-C; supplemental Table 1, available on the BloodWeb
site). Genotypic analysis showed that both a-globin genes are
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