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Abstract
Pyruvate kinase deficiency (PKD) is the most common enzyme defect of glycolysis and an

important cause of hereditary, nonspherocytic hemolytic anemia. The disease has a world-

wide geographical distribution but there are no verified data regarding its frequency. Diffi-

culties in the diagnostic workflow and interpretation of PK enzyme assay likely play a

role. By the creation of a global PKD International Working Group in 2016, involving

24 experts from 20 Centers of Expertise we studied the current gaps in the diagnosis of

PKD in order to establish diagnostic guidelines. By means of a detailed survey and subse-

quent discussions, multiple aspects of the diagnosis of PKD were evaluated and discussed

by members of Expert Centers from Europe, USA, and Asia directly involved in diagnosis.
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Broad consensus was reached among the Centers on many clinical and technical aspects

of the diagnosis of PKD. The results of this study are here presented as recommendations

for the diagnosis of PKD and used to prepare a diagnostic algorithm. This information

might be helpful for other Centers to deliver timely and appropriate diagnosis and to

increase awareness in PKD.

1 | RATIONALE FOR THE GUIDELINES

Selwin and Dacie described in 1956 a form of nonspherocytic hemo-

lytic anemia which resulted in ex vivo hemolysis that could be

restored by adding adenosine triphosphate (ATP) to the red cells but

not by adding glucose. Five years later pyruvate kinase (PK) deficiency

(OMIM 266200) was the first glycolytic enzyme disorder identified

and described.1 Since its first description PK deficiency has been rec-

ognized as the major glycolytic enzymopathy and the most common

cause of chronic hereditary nonspherocytic hemolytic anemia. To

date, more than 600 families have been reported in the literature and

more than 300 mutations have been identified in the causative gene

PKLR.2,3 In spite to what these numbers perhaps suggest, PK defi-

ciency is likely underdiagnosed. In part, this can be ascribed to prob-

lems generally associated with diagnosing an autosomal recessive red

cell disorder that is, parents that are hematologically normal, or the

fact that patients with PK deficiency, as in other hereditary hemolytic

disorders, may receive regular transfusions, thereby complicating

interpretation of diagnostic tests. The wide variability of PK deficiency

is another important complicating factor, as many people live undiag-

nosed with compensated anemia.4 In addition, there is general lack of

familiarity with this diagnosis even among hematologists. Finally, diffi-

culties in the performance and interpretation of PK enzymatic activity

assays is also likely to play a role. For example, in 1979 a survey by

Beutler revealed that only 6 out of 13 PK deficient patients had been

diagnosed correctly.5 That same year, the first guidelines on the diag-

nosis of PK deficiency were established by the working group of the

International Committee for Standardization in Hematology Expert

Panel on Red Cell Enzymes.6 The main purpose of these guidelines

was to harmonize the variety of techniques used for the analysis of

PK variants into a set of standard methods. By 1988, the situation had

not improved, as demonstrated by a second review of cases: only

4 out of 17 patients assayed for PK activity in various laboratories had

been diagnosed correctly.7 This may, at least in part, explain the

approximately 5- to 15-fold difference between genetic estimates on

the prevalence of PK deficiency and the actual number of diagnosed

cases reported.8–10 Consequently, it seems reasonable to assume that

probably many cases of PK deficiency remain unrecognized, with the

prevalence of PK deficiency largely unknown.11

Since the first description of PK deficiency, significant progress

has been made towards a better understanding of clinical course, its

physiopathology and diagnostic approaches (Supporting Information

Figure S1). However, there is currently a lack of consensus on when

and how to test for PK deficiency when approaching a patient with

hemolytic anemia. For instance, some diagnostic algorithms for hemo-

lytic anemia do not include testing for PK deficiency.12

It is important to correctly assign the diagnosis of PK deficiency

to affected patients. For patients, to understand what they are suffer-

ing from, and for treating hematologists to decide on the appropriate

therapy. Furthermore, proper diagnosis enables genetic counseling of

additional family members and/or future offspring (Supporting Infor-

mation: A patient's experience).

In order to increase awareness of PK deficiency, and to identify

the current diagnostic gaps, we followed formal consensus develop-

ment techniques. A global PK deficiency International Working Group

was established in 2016, comprising 24 experts from 20 different

Centers. A detailed questionnaire based on the comments/criticisms

from the International Working Group was prepared and distributed

to 13 expert Centers directly involved in laboratory diagnosis of PK

deficiency from 7 European, 5 USA, and 1 Asian Countries.

Questionnaires were evaluated in order to prepare recommenda-

tions. All the items addressed were given a score and compared with

the group as a whole. None of the core statements achieved a mean

degree of consensus below 85%.

The writing of these recommendations has made use of

evidence-based material in peer-reviewed publications from online lit-

erature search using key words relevant to the subject. The unpub-

lished data presented herein are merely for illustration purposes.

The presented diagnostic recommendations are endorsed by

EuroBloodNet (European Network in Rare Hematological Diseases,

www.eurobloodnet.eu).

2 | PYRUVATE KINASE DEFICIENCY

2.1 | Pathophysiology

PK (ATP:pyruvate 2-O-phosphotransferase, EC 2.7.1.40) catalyzes

the conversion of phosphoenolpyruvate (PEP) to pyruvate, coupled

with the synthesis of one ATP molecule (Supporting Information

Figure S2). This reaction, the last step of the glycolytic pathway, is

irreversible under physiological conditions. The enzyme requires both

monovalent and divalent cations, usually K+, and Mg2+ or Mn2+ 13,14

for its activity.

The tight regulation of PK activity is of great importance not only

for glycolysis itself, but also for the entire metabolism (Supporting Infor-

mation Figure S3). For the red blood cell, PK plays a central role in cellu-

lar energy metabolism because it catalyzes one of the two major steps of

ATP production. Since mature RBCs lack mitochondria, they are

completely dependent on glycolysis for the production of ATP to main-

tain cell integrity and several critical functions. PK deficiency is thought

to lead to ATP depletion, which ultimately affects the viability of the cell.

PK deficiency also results in the accumulation of glycolytic intermediates
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proximal to the metabolic block, particularly 2-phosphoglycerate,

3-phosphoglycerate and 2, 3-diphosphoglycerate (2, 3-DPG), which may

increase up to 3fold and further impair the glycolytic flux.15

Four PK isozymes are present in mammalian tissues.16,17 The

L-type (mainly expressed in liver, renal cortex and small intestine) and

the R-type (expressed in the erythrocytes), are both encoded by PKLR

gene18 under the control of 2 tissue-specific promoters.19 The

M1-type (skeletal muscle, heart and brain) and M2- type (leukocytes,

platelets, lung, spleen, kidney and adipose tissue) are encoded by the

PKM gene20 and generated by alternative mRNA splicing.21–23 PK-M2

is the principal form in leukocytes, platelets, lung, spleen, kidney, and

adipose tissue. In the liver, PK-M2 represents a minor component

since, as the hepatocytes mature, the predominant isoenzyme

becomes PK-L. During erythroid differentiation, the M2 isoenzyme is

progressively replaced by the erythrocyte isoform PK-R.24–26 PK is a

homotetramer in almost all organisms,27 although it may exist in dif-

ferent forms, from monomer to decamer.28 A high degree of structural

homology among PKs from different species has been reported based

on published crystal structures29–32 including human erythrocytes.33

The PK monomer encompasses 3 principal domains: the A domain,

with a classic (α/β)8 barrel topology, the small B domain characterized

by an irregular β barrel, and the COOH-terminal C domain by an α/β

topology. A fourth small NH2-terminal domain is formed by a helix-

turn-helix motif.34 The active site lies in a cleft between the A domain

and the flexible B domain. The C domain contains the binding site for

fructose 1,6-bisphosphate (FBP).30,31,35–37

2.2 | Frequency/ethnic distribution

PK deficiency is the most frequent enzyme abnormality of the glyco-

lytic pathway, and the most common cause of hereditary nonsphero-

cytic hemolytic anemia.4,7,9 The disease is transmitted as an

autosomal recessive trait, with clinical symptoms confined to com-

pound heterozygous and homozygous deficiency patients.

PK deficiency has a worldwide geographical distribution. There

are no precise figures indicating the frequency of the disorder. Based

on published literature, the estimated PK deficiency prevalence in the

Caucasian population was calculated to be 5:100 000.9 There

are other estimates based on patient registries suggesting a lower inci-

dence of about 1:100 000.10 This discrepancy may be explained by a

high number of mildly affected patients with PK deficiency who are

not referred to Centers of Expertise (CE) and, hence, remain

undiagnosed.

PK deficiency has been shown to have a protective effect against

replication of the malaria parasite in mouse38 and human red cells;

although it is not clear whether PK-LR mutant alleles are more preva-

lent in malaria endemic areas.39–41

2.3 | Clinical aspects

Clinical manifestations of PK deficiency comprise the usual hallmarks

of lifelong chronic hemolysis that are also seen in other forms of

hereditary hemolytic anemias, like red cell membrane disorders, unsta-

ble hemoglobin variants, or other more rare red cell enzyme disorders.

The degree of anemia varies widely, ranging from very mild anemia or

fully compensated hemolysis to nonimmune hydrops fetalis or life-

threatening neonatal anemia. This implies that patients may present

any time from very early in life to in young adulthood.

Neonatal jaundice requiring phototherapy and/or exchange trans-

fusion is common. Early onset of anemia is usually associated with a

more severe clinical course. Infants and young children can be transfu-

sion dependent from an early age. The anemia tends to improve with

age, and is relatively constant in adulthood, although exacerbations

requiring occasional transfusion may occur because of the stress of

acute infections or pregnancy.4,42

Anemia may be surprisingly well tolerated in PK-deficient

patients43 probably because of the increased red cell 2, 3-DPG con-

tent, which is responsible for a rightward shift in the oxygen dissocia-

tion curve of hemoglobin. Splenomegaly is a common finding,

reported in about 80% of patients,4,44 and in the author’s experiences

may worsen over time. In severely affected patients, splenectomy

may be required. Splenectomy, while not arresting hemolysis, results

in a hemoglobin increase of 1-3 g/dL, and may reduce or even elimi-

nate transfusion requirements.4,42,44,45 Notably, since splenectomy is

not indicated in some other forms of chronic hemolytic anemia, such

as hereditary stomatocytosis,46 the diagnosis of PK deficiency should

be established and comorbidity of stomatocytosis or other thrombo-

philic disorders should be excluded before splenectomy is performed.

Iron overload is common in both chronically transfused as well as

transfusion-independent individuals. In transfusion-independent PK

deficient patients, the cause of iron overload is unclear but may

involve a degree of ineffective erythropoiesis.47,48 Coinheritance of

hereditary hemochromatosis mutations has also been described in

iron-overloaded, PK-deficient patients.49–53 Inappropriately low levels

of hepcidin were detected in PK-deficient patients with increased fer-

ritin and no mutations in genes associated with hereditary hemochro-

matosis, thereby confirming the predominant effect of accelerated

erythropoiesis on hepcidin production.48

Gallstones are detected with increased frequency after the first

decade of life and may occur even after splenectomy. The co-

inheritance of UGT1A1 TA promoter polymorphism also contributes

to their occurrence.42

Other complications of PK deficiency include aplastic crisis fol-

lowing parvovirus infections and, more rarely, kernicterus, chronic leg

ulcers, acute pancreatitis secondary to biliary tract disease, splenic

abscess, spinal cord compression by extramedullary hematopoietic tis-

sue, pulmonary hypertension and thromboembolic events particularly

in splenectomized patients.54–57 Rare cases of fulminant hepatic fail-

ure related to PK deficiency have been described.58,59

3 | LABORATORY DIAGNOSIS OF PKD

3.1 | The position of PKD in the field of hereditary
non immune-hemolytic anemia

The hematological features of PK deficiency are shared with all other

hereditary hemolytic diseases that is, red cell enzyme deficiencies,

membrane disorders or unstable hemoglobins, and congenital dysery-

thropoietic anemias.15,60–69 Patients usually have features of chronic
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hemolysis such as an increased reticulocyte count, increased lactate

dehydrogenase (LDH), reduced haptoglobin and elevated bilirubin.

However, in contrast to membrane disorders and unstable hemoglo-

bins, red cell morphology in PK deficiency is usually unremarkable,

generally displaying some degree of anisocytosis and poikilocytosis.

A variable proportion (3%-30%) of echinocytes is occasionally

observed, particularly after splenectomy. In the most severe cases,

some erythroblasts may be observed in peripheral blood smear as a

consequence of ineffective erythropoiesis. Dyserythropoietic features

may also been observed at bone marrow examination, resulting in

possible misdiagnosis with congenital dyserythropoietic anemias.70–72

The reticulocyte count in not-splenectomized patients is usually

increased. However, reticulocytosis is not proportional to the severity

of hemolysis, likely due to a decreased erythropoietic drive since the

oxygen delivery to tissues is relatively improved by the increase in

2, 3-DPG and because younger PK defective erythrocytes are selec-

tively sequestered by the spleen.25,26,73–75 Splenectomy therefore

results in a conspicuous rise of reticulocytes even if the anemia

becomes less severe. Unconjugated bilirubin concentration is very

often increased, but usually <5 mg/dL, and may show a slight rise after

splenectomy. Red cell osmotic fragility can be either normal or altered,

and thus is not informative.4,76 Iron status parameters, in particular

serum ferritin and transferrin saturation, may be increased dispropor-

tionally to the history of blood transfusions or even in nontransfused

patients.4

Since the hematological features of PK deficiency are not specific,

the possibility of PK deficiency and other metabolic abnormalities

should be considered in all patients displaying chronic hemolysis

where an immune-mediated hemolytic process, red cell membrane

defect, unstable hemoglobin, or paroxysmal nocturnal hemoglobinuria

has been excluded. Establishing the diagnosis of PK deficiency is

therefore the final step of a diagnostic workup based not only on lab-

oratory investigations, but also on the patient’s personal and family

medical history and clinical examination. A proposed diagnostic flow-

chart of hemolytic anemia is shown in Supporting Information

Figure S4. In light of a suspected erythroenzymopathy, the diagnosis

of PK deficiency ultimately depends upon the demonstration of

decreased enzyme activity and/or the identification of causative

mutations in PKLR gene.

PK deficiency should also be considered in transfusion-dependent

patients without obvious etiology, in neonates with unexplained

severe hyperbilirubinemia, when reticulocytosis increases after sple-

nectomy of an undiagnosed hemolytic patient or in patients with posi-

tive family history of PKD.42 When available, it is very helpful to study

parents and other family members to confirm the presumed heterozy-

gous state of the enzyme deficiency,77 particularly in transfusion-

dependent cases. This approach is almost always adopted in EU

Reference Centers, but is not always considered elsewhere. This dis-

crepancy may be related to the lack of insurance coverage for genetic

tests in some. As revealed by the results of the questionnaire there

are currently 2 general approaches employed by Centers in the diag-

nosis of PK deficiency: (1) to screen for PK deficiency by measuring

PK enzymatic activity in red blood cell lysates and to confirm a sus-

pected PK deficiency by DNA sequence analysis of PKLR; (2) to screen

for PK deficiency by NGS panels and to confirm the suspected

pathogenic nature of an identified novel mutation by measuring PK

enzymatic activity. These techniques, as well as their advantages/dis-

advantages are described next.

3.2 | Diagnostic tools—biochemical analysis

3.2.1 | Spectrophotometric assay of red blood cell PK
activity

For many years, a standardized assay for measuring PK activity has

been used. It was established by the International Committee for

Standardization in Hematology (ICSH).6,78 It was adopted as the refer-

ence method for the diagnosis of this disease and it is still the method

of choice in most reference laboratories. In this assay, PK activity is

calculated from the rate of formation of pyruvate, linked to the oxida-

tion of NADH in an LDH-mediated reaction (Supporting Information

Figure S2)). The decrease in optical density that occurs as NADH is

oxidized is measured by a spectrophotometer at 340 nm. A brief

description of the original method is reported in Table S1.

Care should be taken in interpreting the assay results. Falsely nor-

mal levels are sometimes encountered due to: (a) markedly increased

number of reticulocytes (similar to other red cell enzymes, PK activity

is strongly influenced by red cell age); (b) interference from normal

donor red cells in recently transfused patients; (c) incomplete platelet

and leukocyte removal (the leukocyte isozyme is more active than that

of the red cell); (d) compensatory expression of M2 isoenzyme79; or

(e) kinetically abnormal mutant PKs that, although ineffective in vivo,

may display almost normal features under the laboratory conditions

(eg, low vs high PEP conditions). Moreover, the degree of PK enzy-

matic activity reduction does not predict disease severity.80

The key aspect of the enzymatic assay, and its role in diagnosing

PK deficiency, were addressed in the survey (Supporting Data). For a

number of aspects of the PK enzymatic assay all centers showed

broad consensus. These include the method of choice (spectrophoto-

metric assay as described by Beutler78), and the anticoagulant used to

collect blood samples in ethylenediaminetetraacetic acid (EDTA).

For some other aspects, differences in standard operating proce-

dure were observed.

3.2.2 | Sample storage time

Storage times of samples before measurement in different laborato-

ries ranged from 48 hours to 20 days at 4�C.78 A wide consensus on

this aspect is of the utmost importance to reduce the possibility of

falsely positive results. For illustration purpose, the influence of stor-

age time on activity of PK and hexokinase (HK, whose activity is often

measured along with PK as a means to evaluate mean red cell age)

was evaluated by 3 independent laboratories on 9 samples from nor-

mal subjects. PK and HK activity were measured at T = 0, 7, 14, and

21 days after collection. After 7 days of storage a 20% reduction in

PK enzymatic activity was observed, which remained for up to 21 days

of storage. Median loss of HK activity after 7 days of storage was 8%

which further decreased to 30% after 21 days of storage.

3.2.3 | Sample preparation

Platelet and leukocyte contamination is considered by all centers to

be one of the most common causes of false negative results,
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consequently, careful RBC purification is considered necessary.78,81

All but 2 centers purify RBCs by filtration over α-cellulose/microcrys-

talline cellulose column. However, this procedure, reported to have a

leukocyte contamination in the final red cell suspension usually

<4 cells/108 erythrocytes,81,82 has some limitations. In particular, it

requires manual preparation of syringes is time consuming and

requires a minimum of 1 mL of sample. The latter is a limiting factor

for neonatal blood samples. Simply removing the buffy-coat, as

performed by 2 centers, could be considered a possible alternative.

It reduces preparation time and allows for smaller sample volumes,

but it is difficult to standardize. Measurements—performed in parallel

on RBCs obtained from normal controls, patients with other hemolytic

anemias and reticulocytosis, and PK deficient patients - showed that

white cell and platelet count are reduced to 5% and 14%, respectively

by filtration, and to 15% and 5% by buffy coat removal (Figure 1A,B).

The observed differences, however, did not substantially affect the

final PK activity (Figure 1D), suggesting that buffy coat removal could

be considered an alternative method for RBC purification. It is worth

noting that enzyme activities were always increased in activity assays

performed directly on whole blood, thereby preventing PK deficiency

from being detected in all the cases examined. None of the 2 methods

(filtration or buffy coat removal) results in reticulocyte depletion

(Figure 1C).

3.2.4 | Reticulocytosis

The interpretation of the results of PK enzyme assay of RBC, as well

as other erythroenzymopathies, may also be confounded by the fact

that the blood of patients with hemolytic anemia is enriched with

reticulocytes and young erythrocytes. Since many PKLR mutations

result in the production of unstable enzymes, the young circulating

erythrocytes may contain normal or near-normal levels of enzyme.83

In contrast to what is observed in normal individuals, in PK deficient

patients there is no correlation between PK activity and reticulocyte

number.4 Nevertheless, it is important to take red cell age into

account when interpreting results, particularly when low-normal PK

activity levels are detected in a suspected PK-deficient patient. Vari-

ous approaches may be used to evaluate the influence of reticulocyto-

sis on overall PK activity84,85 that is, by comparing a patient's enzyme

activity to that from a control sample with the same degree of reticu-

locytosis, or by calculating the ratio of PK activity to another cell age

dependent enzyme (eg, HK, PK activity/HK activity, or G6PD). As an

example, in PK-deficient patient 1 (Figure 1D,E), characterized by a

very high number of reticulocytes (55%, absolute number 1105 ×

109/L), the PK activity falls inside the reference limits; however, the

PK/HK ratio was drastically reduced in respect to that calculated on

normal controls (PK/HK activity: 3.9 in patient 1 vs 18.5 detected in

normal controls).

3.2.5 | Interference of donor red blood cells

The contribution of PK activity from normal donor red cells in recently

transfused patients is also a relatively common cause of false negative

results. The results of the survey showed marked heterogeneity in

opinion on the number of days allowed between the last transfusion

and the collection of blood samples for the PK enzymatic assay

(40-120 days). In 2/12 centers this aspect was not considered at all.

The lifespan of erythrocytes is 120 days, and 120 days could be

considered the minimum time required before analyzing PK activity

(common practice in some laboratories) after RBC transfusion. In

patients requiring transfusion every few weeks this is obviously not

possible. However, the lifespan of transfused red cells, as studied by

Cr51 labeling,86,87 ranges from 90 to 110 days88 and the mean eryth-

rocyte loss is considered to be approximatively 1% /day.86,89 This

implies that for 1 unit of packed red blood cells (about 180 mL of

RBC) infused into an adult weighing 60 kg (with Hb pretransfusion Hb

level at 8 g/dL that is, Hct 25%, and RBC mass around 1125 mL), the

final RBC donor contamination is about 12% at the time of transfusion

(about 24% for 2 RBCs units transfused). Due to the 1% daily loss of

transfused RBCs, the expected contamination with donor RBCs

50 days after the transfusion ranges from 6% (1 U) to 12% (2 U) or

even less. Therefore, 50 days after transfusion, we can expect an

over-estimation of PK activity due to donor RBC contamination of

about 6%-12%. This overestimate should probably not result in a

missed diagnosis.

In general, assays should be delayed for as long as possible after a

red cell transfusion, and the laboratory should record the time since

transfusion. Clinical urgency may require an assay to be performed

when transfused red cells are still present; these results need to be

interpreted with caution, for example, enzyme activity level slightly

below normal range in presence of transfused red cells supports the

diagnosis of PK-deficiency.

3.2.6 | PK assay reference intervals

The results of enzyme assay are reported by all centers as IU/gHb.

However, despite all centers use the same methodology, the refer-

ence ranges are different from one center to another. One reason

could be the different assay temperatures at which the assay is done

(eg, room temperature vs 30�C or 37�C). We recommend performing

the analysis at 37�C. However, as an alternative, PK activity should be

expressed as the percentage of normal activity.

3.2.7 | False positive results

False positive results are probably less of a problem and may for

instance be due to bad sample storage conditions (concomitant testing

of a normal control treated in the same conditions may avoid this).

Notably, a decreased activity of PK may be secondary to other pathol-

ogies, such as mutations in KLF1 gene90 and acquired (acute myeloid

leukemias, or myelodysplastic syndromes).91–93

3.2.8 | Specificity/Sensitivity

No systematic studies on sensitivity and specificity of PK activity

assays are available. A receiver operator characteristic (ROC) curve of

% decrease activity has been performed in one center to identify the

cut-off limit to discriminate carriers (n = 41) from true PK deficient

patients (n = 34) compared with hemolytic patients not PKD (n = 30).

The mean erythrocyte PK activity of the PKD cases was 38.5% of

controls that of heterozygotes was 56.6%, whereas that of hemolytic

patients not PKD was 155% of low normal reference range. PK
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activity of the PKD patients and the heterozygotes was significantly

different (P = .0001914). ROC curve showed a cut-off limit of 81.5%

and 96.9% to discriminate PKD patients and heterozygotes from

hemolytic patients not PKD, respectively (Figure 1F).94

As could be expected from the wide heterogeneity of PKLR muta-

tions there is a diversity in activities measured in RBCs from

PK-deficient patients. To avoid misdiagnosis95,96 genotyping of the

PKLR gene to confirm PK deficiency is therefore recommended (see

below), particularly prior to splenectomy.96

Advantages and limitations of biochemical PK enzyme assay

retrieved from inter-laboratory survey are summarized in Table 1.

3.3 | Other biochemical tests

In some cases, kinetically abnormal mutant PKs, although ineffective

in vivo, may display normal or even higher catalytic activity under the

optimal, artificial conditions of laboratory assay. Although rare, in the

authors experience some cases of true PK deficiency were nondeficient

on repeated occasions using the standard enzymatic assay. These

patients had dysfunctional thermolabile enzyme variants that were

revealed by the thermal stability test (PK activity assay performed after

1 hour incubation at 53�C).6 Performing additional biochemical tests

other than PK activity assay itself may therefore be useful to identify a

metabolic block at the PK step, or bring to light altered biochemical

properties. Such tests include the detection of elevated upstream glyco-

lytic intermediates (2-phosphoglycerate, 3-phosphoglycerate, and

2, 3-biphosphoglycerate), PK thermostability test, PK activity assay per-

formed at low substrate concentration. These methods, described in

detail by the International Committee for Standardization in Hematol-

ogy (ICSH),6 are now rarely performed in laboratory practice but may

contribute to establish the diagnosis in specific cases.

3.4 | Diagnostic tools—genetic analysis

3.4.1 | DNA sequence analysis of PKLR

The gene encoding red blood cell PK (PKLR) is located on chromo-

some 1q21. It consists of 12 exons and is approximately 9.5 kb in

FIGURE 1 Effect of buffy-coat removal and RBC filtration on: (A) WBC, (B) platelets, and (C) reticulocytes (expressed as % of cells in whole

blood). Effect of buffy-coat removal and RBC filtration on: (D) PK activity and (E) HK activity (expressed as % of normal values). (F) ROC curve
analysis of PK activity assay

TABLE 1 Advantages and limitations of biochemical PK enzyme

assay

Advantages Limitations

• Fast; time-frame 2 hours
Results available in 2-10
working days

• Cheap; costs of analysis
(15-80€/$)

• Test availability in different
centers

• Sensitivity/ specificity
• Evidence of functional

abnormality in PK activity

• Inability, on itself, to
discriminate homozygous/
compound heterozygous from
heterozygote carriers

• Recent transfusions
interference

• Reticulocytosis interference
• Leucocyte/platelet interference
• Neonates: Minimal amount of

blood 1 mL is required
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size.97 By the use of tissue-specific promoters19,97 PK-L and PK-R

subunits are transcribed. Exon 1 is exclusively expressed in ery-

throid cells (transcript ENST00000342741, NM_000298) whereas

expression of exon 2 is confined to the liver (ENST00000392414,

NM_181871). Hence, the PK-R monomer is composed of 574 amino

acids,98 NP_000289.

To date, more than 300 mutations in PKLR have been associated

with PKD.2,3,99 The large majority of these are missense substitutions

TABLE 2 Recommendation on essential laboratory data and clinical parameters in the diagnosis of PK deficiency

Recommendation Evidence

Clinical presentation PK deficiency may be suspected in:
- patients with variable chronic anemia and/or splenomegaly and/or jaundice, with

normal or near-normal red cell morphology.
- transfusion dependent cases of unknown etiology
- haemolytic patients with unexplained severe neonatal indirect hyperbilirubinemia
- presence of high reticulocyte number in splenectomised patients with no diagnosis

Mean: 95%
Median:100% (75-100)

Clinical data -information on clinical history (both recent as well as from infancy, ie neonatal
jaundice), family history should always be requested together with samples, as
well as the time of last blood transfusion

Mean: 98.6%
Median:100% (90-100)

Laboratory data
(mandatory in bold)

-complete blood count
-RBC morphology
-markers of haemolysis (reticulocyte count, LDH, unconjugated bilirubin,

haptoglobina,b)

Mean: 97%
Median:100% (90-100)

Differential diagnosis Acquired haemolytic anemia, membranopathies, CDAs, unstable haemoglobins, red
cell enzymopathies other than PK deficiency should be excluded (see figure 5)

Mean: 92.1%
Median:100% (50-100)

Biochemical testing

Reference test for
biochemical assay

RBC PK activity assay by spectrophotometry (Beutler, 84) Mean: 98.7%
Median:100% (80-100)

Storage time of sample PK enzyme assay may be considered stable at 4�C until up to 21 days after
collection.c A maximum of 14 days storage is recommended if PK activity is
related to HK activity due to different stability of HK activity

Mean: 95%
Median:100% (80-100)

Sample anticoagulant Citrtate-dextrose solution (ACD); EDTA, citrate phosphate dextrose (CPD), heparin
could be considered for the enzyme assay (Beutler, 84):

EDTA is the main anticoagulant used in daily practice.

Mean: 100%
Median:100%

Sample preparation Purification on α-cellulose/microcrystalline cellulose column is recommended.
Buffy coat removal may be considered as an alternative.
PK enzyme activity cannot be performed on whole blood

Mean: 96.7%
Median:100% (80-100)

Reticulocytes interference Reticulocyte number must be taken into account when interpreting results of PK
enzyme assay, particularly when of low-normal PK activity levels.

Results could be compared with enzyme activities obtained from a control sample
with the same degree of reticulocytosis, or by calculating the ratio of PK activity
to another cell age dependent enzyme (eg, hexokinase).

Mean: 96.1%
Median:100% (70-100)

Interference of donor
red blood cells

The enzyme assay should be performed as far as possible after a red cell transfusion.
The laboratory should record the time since transfusion. A minimum of 50 days
from last transfusion is considered a “safe” period for testing of PK activity,
leading to an estimated donor RBC contamination of about 7-14%. Results of
enzyme activity need to be interpreted with caution in transfused patients.d

Mean: 96.9%
Median:100% (60-100)

Confirmatory tests In case of decreased PK activity, sequencing of PKLR gene is highly recommended to
confirm the diagnosis

Mean: 88.3%
Median:100% (10-100)

Molecular testing

Indication -molecular testing is highly recommended to confirm a suspected case of PK
deficiency based on decreased enzyme activity.

-molecular testing of PKLR gene by Sanger is suitable for patients with (relatively)
decreased PK activity

- use of NGS panels is a reliable alternative method for diagnosis of PK deficiency.
It is particularly relevant for:

- neonates (if family study is not available)
- transfusion dependent patients/recently transfused patients
- samples with prolonged shipping times

Mean: 91.2%
Median:100% (10-100)

PKLR genotype discrepancies In case of genotype discrepancies (patients with suspected PKD and one or none
mutations detected) further investigation are required:

-assays for detection of large deletions
-re-evaluation of other causes of haemolysis by specific tests or NGS platform
In absence of any mutation and decreased PK activity:
- NGS tools or, KLF1 gene mutations should be considered

Mean: 92.5%
Median:100% (40-100)

The degree of agreement was expressed as percentage of agreement and reported as mean, median and range.
a Decreased haptoglobin useful only after 6 months of age.
b Or evaluation of carboxyhaemoglobin evaluation as index of haemolysis.
c In the impossibility of shipment at 4�C, the assay must be performed by 3-5 day.
d If the transfusion history is not available, a statement that recent transfusion can affect results should be added to the results.
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affecting residues critical to the enzyme’s structure and/or function.

The most commonly reported mutations include Arg510Gln (16%) and

Arg486Trp (12%),100 the former being mainly found in Northern

Europe and the USA, the latter in Southern Europe.80 A particularly

high frequency exists among the Pennsylvania Amish (Arg479His)101

and a 1149 base pair deletion, which results in loss of exon 11, in the

Gypsy communities.102

With the advent of next generation sequencing (NGS) techniques

for diagnostic purposes, PKLR is usually included in gene panels

designed for the diagnosis of hereditary hemolytic anemia.71,72,103,104

Indeed, 1 EU Center only performs PKLR gene analysis in this context,

whereas 5 Centers perform standard Sanger sequencing methods for

the detection of mutations in patients in which decreased PK activity

was found. The erythroid-specific promoter is generally included in

Sanger sequencing protocols, whereas sequence analysis of the liver-

specific exon 2 is not commonly performed. Usually, NGS analysis

permits a more extensive gene sequencing with than Sanger sequenc-

ing (generally including all coding DNA regions, intronic flanking, 3’

up-stream, and 5’ down-stream regions; some of them [Japan] includ-

ing the entire intronic region).

At least 2 EU Centers perform additional Multiplex Ligation-

dependent Probe Amplification analysis or other methods for the

detection of (large) deletions in PKLR. Assays of copy number varia-

tions (eg, CGH array or digital PCR) may also be considered.

European and Japan Centers generally consider DNA sequence

analysis mandatory to confirm a suspected deficiency of PK (6/7 EU

Centers always perform DNA analysis of PKLR, and 1 EU Center only

performs it in atypical cases or transfused patients). In contrast, DNA

analysis in the USA has not previously been widely done (only 2/5

Centers performs it on a regular basis) and this may be due to lack of

insurance coverage for genetic testing. However, genetic testing is

now becoming more available in numerous laboratories.

3.4.2 | Advantages and limitations of DNA analysis

DNA analysis offers obvious advantages when compared with bio-

chemical testing, such as less complicated handling and shipping of

samples. It may also allow for smaller sample volumes. Furthermore,

DNA analysis is not hampered by the presence of transfused red

blood cells. Finally, it facilitates family screening and prenatal testing.

However, DNA analysis has historically been of limited use as a first

step in the diagnosis of PK deficiency because conventional Sanger

sequencing is time consuming and relatively expensive.

Importantly, not every mutation detected by DNA analysis can

immediately be classified as a disease-causing variant, even after in

silico analysis by mutation prediction programs.77 They should be con-

sidered Variants of Unknown Clinical Significance (VUS) until their

pathogenic nature is confirmed by functional analysis such as PK

enzymatic assays, Western Blot, RT-PCR analysis, or gene reporter

assays. This is especially important when patient samples are not

accompanied by clinical and laboratory information.

In line with this, and in contrast to US Centers, all but one EU

Center performs such complementary biochemical methods to con-

firm the pathogenic nature of detected mutations. Indeed, 4 EU Cen-

ters reported a few patients homozygous or compound heterozygous

for PKLR mutations that showed normal PK activity.

FIGURE 2 Diagnostic algorithm for diagnostic work-up for diagnosis of PK deficiency based on recommendations and consensus group work.

Blue boxes represent the methods used in the diagnostic process
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The currently employed methodologies by most Centers limit the

detection of (large) deletions, or mutations in deep intronic regions or

other105 unknown regulatory regions affecting PKLR gene expres-

sion.106 Such mutations could be involved in suspected cases of PK

deficiency that fail to demonstrate the “classical” PKLR genotype of

2 in trans mutations. In fact, PK deficient (via enzymatic testing)

patients displaying either only one mutation or no mutations at all are

regularly encountered.

On the other side, a decrease in PK activity in absence of PKLR

mutations may be attributable to other causes of decreased PK activity,

such as mutations in KLF1 gene.90 In addition, heterozygosity for a muta-

tion in PKLR may accompany other red cell pathologies such as

congenital dyserythropoietic anemia,107 hereditary spherocytosis,95,108

or hereditary xerocytosis.96

The role of DNA analysis is rapidly changing as new technologies

are developed and it becomes easier, cheaper, and faster to rapidly

sequence large numbers of genes. This trend is likely to continue, and

it seems probable that in the near future whole exome or whole

genome sequencing will replace targeted NGS panels. The limiting fac-

tor will be in bioinformatic interpretation of these data. In parallel,

databases will also contain increasing amounts of data to facilitate the

interpretation of VUS, although it seems likely that PK biochemical

assays will become increasingly important as a means of confirming

the significance of identified mutations.

We conclude that enzyme analyses and DNA studies are comple-

mentary techniques for the diagnosis of PK deficiency. Their use is dic-

tated by clinical and laboratory findings, and in some cases by availability.

4 | SUMMARY/RECOMMENDATIONS FOR
LABORATORY DIAGNOSIS OF PK
DEFICIENCY

4.1 | Essential laboratory data and clinical
parameters in the diagnosis of PK deficiency

Panel recommendations are presented in Table 2. The degree of

agreement was expressed as a percentage (0% not agree, 100% fully

agree) and reported in the table as mean, median and range. A wide

(>95%) consensus was reached on what patients' information should

be requested with sample and on technical aspects of the diagnosis of

PK deficiency. Different positions were expressed about the need to

confirm a biochemical PK deficiency by molecular testing (88.3% of

agreement); 2 centers reserved molecular testing only to atypical

cases. Different approaches among centers may be due to inability to

obtain reimbursement by national insurances.

Based on recommendations and consensus group work, an diag-

nostic algorithm for diagnostic work-up for diagnosis of PK deficiency

is reported in Figure 2.

4.2 | Inter-laboratory standardization—external
quality control program

Due to the rarity of the disease, to date no external quality control

program exists for the PK enzyme assay. Provisional attempts include

the regular exchange of samples from normal controls and PK-

deficient patients among laboratories in the USA (4 Centers) and

Europe (3 Centers). A quality external control program would be of

great benefit and could provide significant added value for the diagno-

sis of PK deficiency.

4.3 | National/international reference centers
for the diagnosis of PK deficiency

CE are physical expert structures for the management and care of rare

disease patients. Each CE is specialized in a specific disease or group

of rare diseases, and shares the mission of providing patients with the

highest standards of diagnosis, treatment, and longitudinal care. In this

sense, recommendations for CE in Rare Anemias (RAs) were collected

and published in a White Book by ENERCA,11 the pilot European Net-

work for Rare and Congenital Anemias, currently one of the main

arms of the recently established by the European Commission

ERN-EuroBloodNet (www.eurobloodnet.eu).

The ENERCA recommendations for laboratories in RAs include:

• Laboratory accreditation based on the ISO 15189 standard, by an

official national body

• Necessary resources (human, technical and management) for

achieving a diagnosis (in house or via a national or European

network):

• Routine tests: For the diagnosis of RAs the basic requirement is a

competent hematology laboratory equipped with the following:

(1) Automated red cell counters, morphology, and tests for hemo-

lysis and hemoglobin fractionation. (2) Tests considered to be

essential for the diagnosis of very RAs include tests for membrane

defects, enzyme defects, hemoglobinopathies and erythropoietic

defects.

For PK deficiency, analysis of both PK activity quantitative mea-

surement and PKLR gene analysis were considered mandatory for

being a CE for PK deficiency diagnosis.

5 | CONCLUSIONS

PKD is the most common enzyme defect of glycolysis and thereby an

important cause of hereditary nonspherocytic hemolytic anemia. In

daily practice, diagnosing PKD may be difficult due to incomplete

diagnostic algorithms and interpretation of the PK enzyme assay (see

appendix). By this study a global PKD International Working Group,

identified and evaluated the current gaps in the diagnosis of PKD in

order to establish diagnostic guidelines that will improve diagnosis

and increase awareness of the disease. A wide consensus on diagnosis

of PKD was reached among ECs worldwide. Major outcomes were

used to create a diagnostic algorithm. The results of this study are pre-

sented as recommendations for the diagnosis of PK deficiency and

used in preparing a diagnostic algorithm. Since no external quality

control program exists for PK testing, this information might be help-

ful for other centers to deliver timely and appropriate diagnosis and to

increase awareness in PKD. The presented diagnostic guidelines and
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recommendations are endorsed by EuroBloodNet (European Network

in Rare Hematological Diseases, www.eurobloodnet.eu).
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APPENDIX: SUMMARY TABLE

What is the test?

The diagnosis PKD is based on the exclusion of the most common causes of hemolytic anemias, and upon the demonstration of decreased enzyme

activity and/or the identification of causative mutations in PKLR gene. There are currently 2 general approaches employed in the diagnosis of PKD:

(1) to screen for PK deficiency by measuring PK enzymatic activity in red blood cells and to confirm a suspected PK deficiency by DNA sequence analy-

sis of PKLR gene; (2) to screen for PK deficiency by NGS panels and to confirm the suspected pathogenic nature of an identified novel mutation by mea-

suring PK enzymatic activity.

How is it measured?

The spectrophotometric assay of red blood cell PK activity, performed as recommended by the International Committee for Standardization in Hematol-

ogy (ICSH) (Table S1), is adopted as the reference method for the diagnosis of PKD and it is still the method of choice in most reference laboratories.

Care should be taken in interpreting the results of PK activity assay. Falsely normal levels are sometimes encountered due to: (1) markedly increased

number of reticulocytes; (2) interference from normal donor red cells in recently transfused patients; (3) incomplete platelet and leukocyte removal; or

(4) kinetically abnormal mutant PKs that may display almost normal under the laboratory conditions. Molecular testing is based on the identification of

one homozygote or 2 compound heterozygote mutations in PKLR gene by Sanger sequencing. With the advent of NGS techniques for diagnostic pur-

poses, PKLR is usually included in gene panels designed for the diagnosis of hereditary hemolytic anemia. Multiple aspects of the diagnosis of PKD were

discussed by a global PKD International Working Group. The results are presented as recommendations (Table 2) and used to prepare a diagnostic algo-

rithm (Figure 2).

What are the normal range values?

The results of enzyme assay are reported as IU/gHb. However, despite the use of the same methodology, the reference ranges are different from one

Center to another. To date no external quality control program exists for the PK enzyme assay. Provisional attempts include the regular exchange of

samples from normal controls and PK-deficient patients among laboratories in the US and Europe. A quality external control program would be of great

benefit for the diagnosis of PK deficiency.

What conditions or types of conditions is it used for?

PK deficiency is a rare hereditary disease and may be suspected in patients with variable chronic anemia and/or splenomegaly and/or jaundice,

with normal or near-normal red cell morphology. It may be suspected also in transfusion dependent hemolytic cases of unknown etiology; hemo-

lytic patients with unexplained severe neonatal indirect hyperbilirubinemia, or in presence of high reticulocyte number in splenectomized patients

with no diagnosis.

What tests are helpful to do with it for a more complete picture?

Information on clinical history, family history, and the time of last blood transfusion should always be requested together with samples. First level inves-

tigations: Complete blood count; RBC morphology; markers of hemolysis. In case of genotype discrepancies (patients with suspected PKD and one or

none mutations detected) further investigation are required: assays for detection of large deletions, re-evaluation of other causes of hemolysis by spe-

cific tests or NGS platform.

What tests provide similar information?

PK enzyme activity assay and molecular studies are complementary techniques for the diagnosis of PK deficiency. Their use is dictated by clinical

and laboratory findings, and in some cases by availability.

How does its use impact treatment?

A timely and appropriate diagnosis of PK deficiency is important for patients, to understand what they are suffering from, for treating hematolo-

gists to decide on the appropriate therapy (ie, monitoring iron overload) and to enable genetic counseling in severe cases. The diagnosis is nowa-

days especially important considering the development of new therapies for PK deficiency that is, gene therapy and activator treatments.
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