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With the technical assistance of N. Kusubov

D IVERSE PATTERNS OF ERYTHROPOIESIS have been described

in polycythemia vera. Increased erythropoiesis is present, but patients

may have normal’2 or shortened red cell life spans.�’4 Splenic sequestration of

red cells and extramedullary erythropoiesis may or may not be present.�5 A

relative or absolute decrease in red cell volume may occur and some patients

may die with a refractory anemia.�’�

The present work is directed toward classification of the diverse patterns and

definition of the evolutionary history of erythropoiesis in this disease. Possible

bases for the p�ttt�rn of evolution of erythropoiesis documented in this work

are discussed.

Sixty-four patients with polycythemia vera were studied by means of iron

kinetics. Seven of these patients had repeat iron kinetic studies over a 12-year

1)eriod. The clinical course and pathologic findings at postmortem examination

011 the 1)atieIltS ��‘ere correlated with iron kinetics findings.

MAi’inuAis AND METHODS

Except where indicated, patients reported in the series were diagnosed as having poiy-

cvthemia �‘era Oil the l)asis of (1) an increased circulating red cell volume exceeding 34

mI/Kg. body weight; and (2) exclusion of disorders associated with secondary erythrocy-

tosis. Tumors associated with secondary ervthrocvtosis were excluded �ri the basis of

complete medical evaluation during clinic visits and subsequent long-term follow-up of the

l)a�ients course and, when applicable. postlllorteni findings. Arterial blood! oxygen
saturation was performed in ptttieiits where tile possibility of chronic I)ullllonalY disease or

right to left cardiac and vascular shunts was present. All patients were evaluated by members

of the medical group at tile Donner 1.aboratory, University of California, and in most cases

therapy and long-term follow-up were perfoniled at this clinic. Complete records were kept

of all pertitietit medical information concerning procetitires performed elsewhere throughout

tile entire course of the patient’s disease.

Iron kinetic studies were performed according to tile technics introduced by Huff et al.7

and developed b� Poll cove and Mortimer.8 Ten to 40 microcuries of radioactive Fe�”

ferrous citrate, specific activity 5 to 25 microcunes per microgram, were used. This was
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added to sufficient fresh autologous plasma and the mixture incubated at 37 C. for 20 to 30

minutes to ensure binding of all iron to the beta-i globulin transferrin. Five to 20 ml. of

the labeled fresh plasma was injected intravenously with a calibrated syringe. During the

14 days following injection, serial blood samples were analyzed for plasma and erythrocyte

radioactivity, and surface measurements of radioactivity over the liver, spleen and sacral

bone marrow were made, as described previously.8’9 Plasma and erythrocyte radioactivity

were measured by counting 2 or 3 ml. samples in a well scintillation counter with 2-inch or

3-inch sodium iodide crystals and 6-inch or 4�-inch lead shielding. The counter efficiency

was approximatel�’ 16 per cent for Fe59, the background approximately 20 counts per

minute. All samples were counted for sufficient time periods to accumulate over 2000

counts above background to ensure satisfactory counting statistics. Blood samples were

centrifuged twice at 2000 g for 15 minutes to obtain plasma free of erythrocytes. It was

necessary to take care in drawing and manipulating the blood to avoid heinolysis which,

after significant labeling of erythrocytes occurs, would produce an erroneously high concen-

tration of radioiron in plasma. Concentration of iron in plasma was determined by the

modification by Peters and co-workers of the Ramsey method.1” Hematocrits were deter-

mined on all samples (Wintrobe). Plasma and red cell volumes were determined mdc-

pendently by the Fe59 and p32 diltition methods. Surface counting rates were obtained from

mobile scintillation counters over liver, spleen and sacrum. External monitoring values are

expressed as a fraction of the zero time extrapolate value.

Plasma radioiron curves obtained over a 14-day period were analyzed for iron incorpora-

tion into hemoglobin by first correcting the curves for hemolytic feedback of iron into the

plasma and then analyzing the resulting curves in the fashion previously described by

Pollycove and Mortimer.8 Where there is neither henlolytic nor marked storage feedback of

iron into the plasma, the radioiron plasma disappearance curve falls exponentially through-

out the first 10 to 14 day period of observation. Therefore, in the absence of marked

feedback from stores, it was assumed that whenever the plasma radioiron curve reached an

early asymptote during the first 10 clays, this asymptotic value was primarily the result of

radioiron feedback from hemolysis. By (1) assuming that feedback of radioiron into the

plasma from extranledullary hemolysis was proportional to the amount of radioiron incor-

porated in circulating erythrocytes and by (2) assuming that the asymptote reached by the

plasma radioiron curve during the first 2 weeks was due primarily to hemolytic feedback of

iron into the plasma, a curve could be drawn which approximates the extrameduliary

hemolytic feedback function of radioiron to plasma (see Figs. 2 and 4). When mntrainedullary

heinolysis is present, causing the plasma radioiron clearance curve to reach an asymptote

much earlier than the time of maximum incorporation of radio iron into erythrocytes,

hemolytic feedback of radioiron into the plasma is estimated by a function having the

shape of nornial red cell Fe5” incorporation curve hut more rapid anti displaced in time so

as to coincide with the point at which the plasma radioiron reaches its asymptote (see Fig.

3). On subtraction of this hemolytic feedback curve from the measured plasma radioiron

concentration, a curve with two or three exponential components was obtained which was

analyzed in the fashion previously described by Pollycove and Mortimer.8

Platelet survival in certain patients was performed using DFP32 in a manner described

previously.1’ White blood counts were performed in a routine fashion. Differential counts

were done on Jenner-Ciemsa stained air dried blood films. Platelet counts were determined

by the phase contrast technic. All cell counting was done in duplicate.

RESULTS

I. Fe�” Kinetics; Erythropoietic Classes 1, ha, Jib, iii

The iron kinetics results obtained from studies of 64 patients with poly-

cythemia vera (Table 1) can be classified into 4 distinct patterns. Class I is

characterized by a normal RBC life span and is exemplffied by the data and

results shown in Figure 1. External monitoring data are similar to those for
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ERYTHROPOIESIS IN POLYCYTHEMIA VERA 809

normal subjects,5 with a rapid accumulation of iron in the bone marrow and

subsequent complete release. There is no evidence of splenic sequestration of

red cells nor any evidence of extramedullary hemopoiesis. The pattern of

appearance of Fe5” in circulating RBC is within normal limits. Plasma iron

turnover is increased above normal values ( mean of 9 patients not given

previous radiation therapy from Table 2 is 0.040 mg.IKg.Ihr. ± o� = 0.016,

normal being 0.019 ± a- = 0.004). Analysis of plasma radioiron data obtained

during a 2-week period according to the kinetics model of Pollycove and

Mortimer8 shows increased hemoglobin synthesis ( average in Table 2 is 0.172

Gm./Kg./d ± o� = 0.046, normal being 0.089 ± a� = 0.014) and a normal

mean erythron life span ( average in Table 2 is 118 days ± a’ = ± 13.6, normal

being 117 days a. ± 7.5). This pattern is designated polycythemia Class I.

Class II is characterized by shortened red cell survival in the absence of

extramedullary erythropoiesis. This class is subdivided into two groups: Class

ha in which red cell hemolysis occurs after release from the bone marrow

( usually with splenic sequestration and destruction ) and Class lIb in which

the majority of red cell hemolysis occurs in the marrow prior to release into the

circulating blood ( intramedullary hemolysis). Figure 2 is a typical example of

the iron kinetics pattern designated polycythemia vera Class lIa. In this class

there is again rapid accumulation of iron in the sacral marrow with subsequent

prompt, virtually complete release as the iron leaves the marrow in circulating

red blood cells. Generally, there is a secondary rise in the counting rate over

the spleen, indicating splenic sequestration of red blood cells. The shape of the

curve representing net Fe5” incorporation into circulating RBC may be within

normal limits, but when there is considerable shortening of red cell survival the

maximum net incorporation of Fe5” into circulating RBC is depressed below

normal values. Plasma iron turnover is increased above normal values (average

of 9 patients not given previous radiation therapy in Table 2 is 0.039

mg./kg./hr. ± o� = 0.022). The kinetic analysis of plasma radioiron clearance

curves demonstrates increased hemoglobin synthesis (average in Table 2

is 0.211 Gm/Kg./d ± a- = 0.114). There is shortened red cell life span

(average = 66.1 days ± a- = 18.7), and the plasma radioiron becomes con-

stant between 6 to 10 days, in keeping with hemolytic feedback of radioiron

into the plasma from red cells destroyed in the spleen. This iron kinetic pattern

is similar to that seen in congenital spherocytic anemia and a variety of

acquired hemolytic anemias characterized by extramedullary hemolysis.”

In Class JIb there is markedly shortened red cell survival, which is predomi-

nantly the result of intramedullary hemolysis. This has been studied in only 2

patients, both of whom had been treated with P32 and were noted to be

rapidly deteriorating 18 years following the initial diagnosis of polycythemia

vera and beginning of therapy with P32. In both these cases anemia was

rapidly progressive and hepatosplenomegaly was absent or minimal. External

monitoring, as shown in Figure 3, demonstrates a rapid initial accumulation of

iron in the sacral marrow with markedly delayed and incomplete secondary

release. Plasma iron turnover is increased (0.078 mg.IKg./hr. in case shown in

Figure 3). There is no evidence of extramedullary erythropoiesis in liver or
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-. 59.4 1.2 1.2 5900

48.4 0.0 4.3 60600

-. 90.3 0.9 0.5 8400

-- 68.5 0.0 0.0 17600

-- 58.3 1.1 0.4 25500

54.6 0.0 1.0 9600

-. 64.1 0.0 0.0 13400

-- 87.8 0.0 0.2 11000

48.6 0.0 0.2 11200

2.3 62.8 2.3 2.3 10500

D.S. M 13

.7. W. M 14

M. .7. M 27

CS. M 32

I.H. F 32

L.H. M 50

H.T. M 51

E.A. M 66

Ri. M 67

None

None

None

None

None

None

None

None

None

(1.1 0.6 8900

0.1 0.8 8800

5.8 3.0 20800

0.7 0.7 14800

0.0 3.0 9900

3.1 0.0 8050

3.9 3.0 11700

0.5 0.5 11500

0.0 0.5 10700

0.2 0.0 17900

0.0 11.0 18000

1.7 4.7 6900

3.2 3.2 6600

2.9 8.2 7650

None

None

None

None

None

None

None

None

None

None

None

None

7 400

10 150

9 700

8 700

6 300

9 300

11850

10000

17 900

26 400

j9 550

59 350

20 100

4 600

16 700

24 800

L. M. F 28 splenec-

tomyc

MO. F 38 P32

RH. M 48 P32

R.G. F 52 P32

275000

300 (iOO

255000

435000

360000

210 000

775000

190 000

230000

550 000

180 000

850 000

705 000

270000

410 000

240 000

5.6 50.0 9.0 9.0 21000 955000TM. M 63 P32
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Table 1.-Iron Kinetics in Polycythemia Vera

Treatment before study
Tin�e before Maximum Time after Platelets

Age at Rx before Fe�9 study recorded Dx max. Time from WBC (No. /mm3)
Patient Sex time 59 of last Rx RBC vol. RBC vol. Dx to study (No. /mm3)

Fe
of Dx (yr) (mi/kg) measured (yr) [250000-

kinetics - [24-331 (yr) _________[5000-100001 5000001

Polycythemia vera Class I

W.S. M 19

A.!. F 50

W.T. M 50

F.W. M 52

R.G. M 55

A.E. M 56

P.P. F 63

A.J. M 64

J.C. F 69

CM. F 56

None

None

None

None

None

None

None

None

None

Y90

Polycythemia vera Class ha

290 000

360 000

224 000

290 000

340 000

255 000

405 000

250 000

330000

224 000

D. C. M 43 splenec-

tomy

H.M. M 43 P32

A.P. F 51 P32

H.K. M 57 P32

R.G. F 64 P32

-. 48.6

41.1

-- 40.5

-. 70.8

- 43.2

- - 42.8

-- 34.2

-. 65.2

-- 41.0

0.4 50.2

0.8 46.0

2.0 48.0

0.5 61.1

2.0 41.2

210 000

835 000

770000

620 000

625000

360000

380000

310000

675000

640000

300000

330000

280000

507 500

Poivcvthemia vera Class I-ha, iron-deficient

B.T. M 6

LP. F 9

E.C. F 37

L.P. M 40

MG. F 52

GB. F 55

CF. M 63

AL. F 68

C.MC M 71

FR. M 72

F.S. M 75

E.P. F 78

-- 44.5

-- 59.2

- - 65.6

-. 38.3

-- 52.2

-- 62.2

-- 48.0

-. 70.9

- - 105.8

-- 61.5

-. 71.8

-. 40.6

9.6 49.9

0.3 60.2

1.5 66.3

3.0 63.3

0.0 0.0

0.1 0.2

0.0 0.2

0.0 10.2

0.0 0.0

0.1 0.2

0.0 0.3

3.8 3.0

0.1 0.2

3.3 3.0

0.0 0.5

0.0 0.0

0.0 9.0

12.3 13.0

7.3 10.0

7.9 11.5
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21.0 56.8 32.2 85 0.020 0.124 139 * 0 0 - -

18.2 48.4 33.7 89 0044 0.116 112 + 0 0 --

23.6 85.8 24.2 230 0.061 0.225 122 0 0 145a

22.3

19.6

‘0.3

52.6

32.5

35.2

130

119

0.029

0.037

0.188

0.128

134

127 +

0

0

0

0

11.7
.- b

18.2 54.6 47.8 190 0.032 0.185 96 + 0 0 7.3

22.4 52.6 37.2 117 0.044 0.177 101 t 0 0 2.5

25.1 87.7 47.4 72 0.053 0.261 111 + 0 0 123a

21.0 48.6 32.4 118 0.040 0.147 116 + 0 0 3.4

22.0 62.8 19.8 120 0.030 0.153 132 + 0 0 16.7

18.9 43.0 34.0 80 0.036 0.217 68 0 0 -.

13.7 34.4 45.3 88 0.026 0.130 81 + o o --

1�.5 36.0 37.9 86 0.022 0.124 96 + o o . -

16.7 41.5 41.4 89 0.050 0.320 41 t 0 0 -.

19.8 43.2 39.0 210 0.067 0.269 51 0 o - -

17.6 39.6 42.0 170 0025 0.151 86 0 0 . -

18.5 31.7 37.5 113 0.015 0.051 62 + 0 o --

19.0 64.1 33.8 82 0.084 0.452 39 0 0 --

18.9 41.0 33.2 149 0.030 0.182 71 + 0 0 --

19.1 49.1 36.0 75 0.044 0.224 68 0 0
86d

21.4

13.4

20.2

46.0

26.0

49.7

26.9

26.7

36.0

200

121

140

0.050

0.026

0.051

0.218

0.171

0.276

1�4a

8.5’
132b

16.9 32.7 38.7 139 0.031 0.192 --

20.0 44.5 34.3 50 0.028 0.154 75 + 0 0 .

20.0 59.2 38.5 35 0.035 0.243 44 + 0 0 ..

20.6 65.6 30.7 46 0.045 0.244 60 t 0 0 .

13.4 38.3 55.6 62 0.039 0.244 58 t 0 0 --

17.1 52.2 45.4 60 0.054 0.258 60 + 0 0 - -

19.1

15.0

40.5

35.4

34.9

36.4

36

20

0.020

0.023

0.132

0.127

60

57

+

+

0

0

0

0

- -

31b

16.7 69.7 41.5 31 0.069 0.402 43 + 0 0 4.8

20.0

13.4

18.2

98.7

43.4

71.8

43.3

71.7

36.7

35

23

41

0.131

0.064

0.030

0.571

0.254

0.200

42

47

33

+

�

�

0

0

0

0

0

0

3.5

6.1’

0.8k

11.3 40.6 51.5 10 0.018 0.114 47 0 0

15.3 49.9 52.6 28 0.038 0.220 67 n 0 0 - -

16.2

16.1

10.9

16.7

53.1

26.3

27.4

40.8

46.2

40.5

50.9

52.0

54

56

37

19

0.062

0 041

0.021

0.034

0.251

0286

0 131

0.195

63

29

60

59

‘

�

n

‘

0

0

0

0

0

0

0

0

19.0I�
132b

16.3’

-. a

ERYTHROPOIESIS IN POLYCYTHEMIA VERA

Table 1.-iron Kinetics in Polycythemia Vera (Continued)

815

Hematologic values at time of Fe59 kinetics [normal valuesl �

Plasma Calculated Mean . - Time
RBC Plasma Serum iron Hgb syn- erythron Erythropoietic site from Dx

Hemoglobin volume volume iron turnover thesis life Marrow Spleen Liver to death

(g/100 ml) (‘ni/kg) (mi/kg) (�s,g/100 ml) (rng/kg/hr) (g/kg/day) (days) (yr)

..L�_�L9::��:..?J. [24-331 (32-45) [70-170) [0.019±004] [0.089*014] [117±7.5] ______ ______

68 � 0 0

47 � 0 0

58 t 0 0

41 t 0 0
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Age at
Pati,nt Sex time

of Dx

Treatment before study

Rx before
59

Fe
kinetics

Tirr)4 before
F. study
of last Rx

(yr)

Maximum Time after
recorded Dx max.
RBC vol. RBC vol.

(mi/kg) measured
124-33] (yr)

W. I. M 44 None -. 52.3 16.8 13.0 26300 260000

E. P. F 45 None -- 58.3 0.0 0.9 27000 200000

V. L. F 46 None -. g -- 18.0 14500 210000

C. ‘I. F 58 None --- 45.8 0.0 10.0 204000 300000

J. B. F 70 None -- 46.0 0.0 0.0 9500 206800

.7. G. M 76 Nont -- 58.8 0.1 0.0 20900 280000

A. F. F 42 P32 2.7 49.6 19.0 25.0 12700 200000

N. G. F 46 P32 1.0 g -- 5.0 2700 30500

0 C. F 45 P32 10.0 g -- 6.8 35000 106000

N. P. F 47 P32 2.6 81.6 10.0 10.0 6800 60000

R. II. M 48 P32 0.5 66.3 7.3 12.5 9700 375000

3 I M 49 P32 1.3 55.8 8.8 17.0 7650 290000

K. J. F 49 P32 1.5 52.0 6.8 4.0 18800 980000

S. S. M 54 P32 0.7 61.9 0.8 6.0 44000 760000

R. G. M 55 P32 4.2 58.3 0.4 12.0 7800 255000

R. W. M 55 spleen
irrad. C

13.6 68.0 0.0 0.0 46500 425000

P. N. M 56 P32 0.8 g - - 3.6 22700 140 000

H. K. M 57 P32 0.4 61.1 3.2 8.0 9600 200000

.7. 3. M 60 P32 0.6 68.7 5.1 7.0 13500 88000

W. M. M 62 P32 0.8 73.3 8.3 9.0 25700 190000

C. F. M 63 P32 0.6 48.0 0.0 2.5 72500 210000

L. Y. F 64 P32 0.4 56.9 2.8 1.0 13200 240000

K. I. F 65 P32 3.5 60.0 4.0 9.0 11300 320000

B. L. M 69 P32 0.9 51.1 6.8 12.0 12000 210000

F. S. M 75 P32 2.9 g -- 3.0 27250 180000
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Table 1.-iron Kinetics in Polycythemia Vera (Continued)

Po�ycjithemia vera Class lib

Platelets
3Time from WBC (No. /mm

3Dx to study (No. /mm [250 000-
(yr)

_________ [5000-10 oool 500 0001

C. P. M 45 P32

MM. F 56 P32

2.5 44.8 11.5 18.0

0.5 51.5 17.9 18.0

2850 270000

3350 180000

Polycythemic vera Class III

spleen. Kinetic analysis of plasma radioiron data of the patient shown in

Figure 3 revealed a markedly increased hemoglobin synthesis of 0.432

mg./Kg./day with a markedly shortened RBC lifespan of 18 days. Maximum

incorporation of radioiron into circulating red blood cells is delayed and mark-

edly decreased. A very early hemolytic feedback of iron to plasma is observed

in the plasma radioiron curve. The mean effective erythron hemoglobinization
time5 is markedly prolonged, correlating with the incomplete release of radio-

iron from the sacral bone marrow. This pattern is similar to that seen with

refractory anemia with erythroid hyperplasia, thalassemia major, and the

megaloblastic anemias, and is interpreted as representing severe intramedul-

lary hemolysis.” This is substantiated by the finding of marked erythroid hy-

perplasia in the bone marrow without an increase of circulating reticulocytes
in these patients at the time of kinetic analysis.
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Plasma
RBC Plasma Serum iron

Hemoglobin
(g/100 ml)

114.0-16.01

volume
(‘nI/kg)
[24-33]

volume
(mi/kg)
[32-45]

iron
(�/100 ml)

170.170]

turnover
(rng/kg/hr)

[0.019±004]

0.432

0.2 17

‘0.233

0.372

0.528

0.381

12.3 49.5 68.0 111 0.081 0.476

17.4 58.8 44.9 19 0.049 0.258

10.3 17.5 46.3 59 0.028 0.184

7.2 20.5 45.6 155 0.049 0.252

7.6 30.1 87.9 203 0.118 0.735

10.0 28.0 69.7 49 0.085 0.467

8.8 23.0 51.5 100 0.083 0.423

13.0 27.4 48.0 121 0.065 0.350

12.4 33.7 36.6 65 0.066 0.225

6.4 37.8 113.2 5 0.033 0.196

11.4 25.4 52.9 54 0.044 0.298

14.7 68.0 31 1 40 0.072 0.173

5.0

13.2

h

IO.8e

3.1

� 6e

3. 7e

EHYTHROPOLESIS IN POLYCYTHEMIA VERA 817

Table 1.-iron Kinetics in Polycythemia Vera (Continued)

Hematologic values at time of Fe59 kinetics [normal values]
Calculated Mean . . . Time

Hgb syn- erythron Erythropoieticsite from Dx
thesis life Marrow Spleen Liver to death

(g/kg/day) (days) (yr)_______ _________ [0.089±014) [117±7.5]

11.0 21.1 58.7 159 0.078 _18 � 0 0

8.2 13.3 46.6 134 0.034 19 � 0 0

13.6 35.8 51.9 23 0.039 26 t � � 17.0

16.2 54.6 51.7 130 0.097 49 � + 0 --

9.3 33.2 78.7 48 0.105 20 + � +

13.1 45.8 71.4 59 0.061 37 0 + +

26 + + 0 - - Ii

37 1� + 4 2.7

32 + � + 29.0

27 # * * 6.0

8 + t + 86e.

18 0 + + - -

13 + + 0

25 � + 0 215e

36 + + + - -

40 + + + 7.b

24 + � � - -

28 #{247} � 4 4.5

8.9 30.7 66.2 80 0.092 0.258 31 0 +

12.9 35.7 469 31 0.067 0.453 18 0 s

8.3 27.1 71.1 97 0.177 0.964 8 + +

13.6 49.6 53.7 44 0.061 0.201 67 0 +

12.0 36.1 41.1 17 0.040 + �

21.1 49.7 30.3 200 0.089 0.369 46 + #{247} 0

10.7 26.8 55.8 71 0.061 0.296 31 + + 0

9.3 19.3 50.0 84 0.046 0.276 22 0

9.0 25.2 67.5 192 0.045 0.081 34 + + +

a. Developed clinical findings of myeloid metaplasia (Class III) subsequent to study.

b. Developed clinical and iron kinetics findings of myeloid metaplasia (Class III) subse-

(1uent to study. For iron kinetics values at the time of repeat study, see patient under

results of Class III.

c. Not used in averaging in “treatment with p32” group.

d. Developed terminal refractory anemia.

e. Myeloid nietaplasia diagnosed b% iron kinetics subsequently confirmed at postmortem

examination.

f. Acute leukemia at postmortem examination.

g. Red cell volume determination not performed at the time hemoglobin and hematocrit

elevated in these cases. However, in each case hemoglobin values in excess of 20.0 grams

were recorded and leukocytosis and in some cases thrombocvtosis were present and the

patient had the clinical findings of polycvthemia �‘era.

h. Myeloid metaplasia in spleen diagnosed b� iron kinetics subsequently confirmed by

splenectomy or splenic aspiration.

i. Development of mveloid metaplasia subsequent to study demonstrated at postmortem

examination.
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820 POLLYCOVE, WINCIIELL AND LAWRENCE

The iron kinetics patterii, designated as Class III, is characterized by extra-

n1edullary hemopoiesis in spleen and sometimes in liver. An example of this

class can l)e seen in Figure 4. There is an initial accumulation of iron in the

spk�eii and sometimes in liver, with subsequent release as the iron leaves these

organs in newly formed red cells. There may or may not be evidence of red

cell production within the bone marrow ( see Table 1 ) . The incomplete net

release of radioiron from the spleen is interpreted as representing splenic

se(luestration in addition to splenic 1)rOductiOn of red blood cells. Plasma iron

turnover is generally greater than that seen in Classes I and Ila ( average of 6

patielits not given 1)re\’iouS radiation therapy in Table 2 was 0.072 nig./Kg./hr.

± = 0.024 ) . Kinetic analysis of the 1)t���t radioiron data reveals further

increase lU hemoglobin synthesis ( average in Table 2 = 0.375 Gm./Kg./day ±

= 0. 106 ) lihid lt further shortening of the mean erythron lifespan ( average in

Table 2 = 34.7 days ± = 11.6). There is marked early hemolytic feedback of

iron into the pllisma as seen in the plasma radioiron data. The appearance of

Fe514 in circulating RBC is early and rapid l)ut the maximum net incorporation

of radioiron into circulating red cells is distinctly reduced as a result of the

(lestruction of red cells, primarily within the spleen.
111 addition to the al)ove-mentioned groups there arc those polycythemic

1)ittieflts �%‘itI)otlt evidence of mycloid metaplasia or intramedullary heinolysis
who �vere “iron deficient ‘ at the time of the’ study. The 16 patients in this

group had ‘erum iron concentrations of less than 62 �Gm./ 100 ml. and all but

Ohie had definite microcytosis and hypochromia of circulating red cells. The

�)ossibility could not be ruled out in all cases that some of these patients with

low serum iron concentration were not truly serum iron deficient but merely

had lowered plasma iron concentration secondary to increased erythropoiesi.s

resulting from recent blood loss. In three of these patients with “low serum

iron concentration ‘ in whom adequate bone marrow particles were obtained

�tI1d stained for iron at the time of the iron kinetics study, significant amounts of

stltihlal)le marrow iron were not demonstrable. Because of the shortened mean

erythrohl lifespan and variable splenic sequestration of red cells seen when the

serum iron concentration is abnormally low,1 these patients with “iron defi-

ciency” could not he differentially classified between Class I and Class Ila. The

iron kinetics values obtained for members of this group were the result of

the abnormalities of “iron deficiency” superimposed upon the values of Classes

I or ha (see Tables 1 and 2).

ii. Effect of Radiation Therapy on Patterns of Erythropoiesis

Tables 1 and 2 summarize the results of individual iron kinetic studies

correlated with clinical and pathological features of each of the 64 patients

studied. The results were organized according to the classes defined above. In

each class the patients who had received no radiation therapy. (P32, Y90, x-ray)

prior to the time of the iron kinetic study are listed separately from those

patients who had received previous therapy. In all cases those patients without

radiation therapy had received only venesection. In the group which had

radiation therapy prior to the study, only those patients are included who had
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EHYTI IROPOIESIS IN I’OLYCYTHEMIA VERA 821

their last course of radiation therapy more than 5 months prior to the iron

kinetics study, eliminating those patients in whom the acute effects of radiation

would affect red cell kinetics.

At the time of Fe59 kinetics study, 10 patients were in Class I (9 untreated

l)y radiation ) ; 13 patients were in Class Ila ( 9 untreated by radiation ) ; 24

patients were in Class III (6 untreated by radiation); 2 patients were in Class

JIb; and 16 patients were in “iron deficiency” combined Classes I and Ila (12

patients untreated by radiation-see Table 2 ) . Four patients appear in two

groups because of a change in erythropoietic class determined by repeat iron

kinetics study ( see Table 3). Within each group the red cell kinetics measured

in patients who had received prior radiation therapy were similar to those

obtained in patients who had not received radiation therapy prior to the time

of the study. However, the mean values for red cell volume and body hemo-

globin in treated patients in Classes Ila and III tend to be somewhat lower

than in untreated patients in these categories.

III. Incidence of Abnormally Low Serum Iron Concentration

Of 39 polycythemic patients without myeloid metaplasia (Classes I and II

with and without iron deficiency ) , 16 were found to have an abnormally low

serum iron concentration at the time of the study, ( serum iron < 62jzGm./ 100

ml. ) and of 24 Iatiehlts having myeloid metaplasia ( Class III ) 12 patients were

found to have low serum iron concentration at the time of the study ( Table 1).

These results demonstrate the very high frequency with which low serum iron

concentrations ( resulting from either spontaneous blood loss or phlebotomy)

complicates the course of polycythemia vera. Since an abnormally low serum

iron concentration per se results in decrease in mean erythron lifespan and

increased rate of hemoglobin synthesis, this factor contributes significantly to

the abnormalities in erythropoiesis seen in this disease.”

Iv. Iron Kinetics Diagnosis of Myeloid Metaplasia

The iron kinetics evidence for localization of erythropoiesis in a given area

depends upon the demonstration of an initial rapid increase in counting rate

over the given area with subsequent decrease of counting rate over these sites

simultaneous with the corresponding appearance of radioiron in circulating

erythrocytes. However, under the circumstances in which splenic sequestration

of red cells exceeds splenic erythropoiesis (see legend for Fig. 4), a delayed

secondary rise in the counting rate over the spleen may obliterate evidence of

the initial release of iron from the spleen.

In each patient in whom the iron kinetics study was interpreted to demon-

strate myeloid metaplasia, the finding was confirmed clinically (i.e., clinical

evidence included the combinations of findings of marked hepatospleno-

megaly, marked anisocytosis, poikilocytosis, circulating nucleated red cells,

platelet and white cell abnormalities). Three patients classified in Class III by

iron kinetics, had the diagnosis of myeloid metaplasia confirmed by splenic

aspiration or splenectomy. In 11 patients the iron kinetics diagnosis of myeloid
metaplasia was confirmed at postmortem examination (two of whom had
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EHYTHHOPOIESIS IN POLYCYTHEMIA VERA 823

previous confirmation by splenic aspiration or splenectomy ) . In two patients a
secondary delayed rise in splenic counting rate was noted, suggesting splenic

sequestration and destruction of red cells in excess of splenic erythropoiesis.

Although splenectomy is frequently contraindicated for patients in Class III

( because of extramedullaiy erythropoiesis in high degree in the spleen), sub-

sequent splenectomy in these two patients obviated the need for supportive

transfusions and resulted in an increase in hemoglobin concentration. In other

patients, not included in this study, we have not seen beiiefit from splenec-

tomy.

\T Ilepatic Erqthropoie.sis (hid Low Serum Iron Concentration

In all 7 cases listed in Table 1 in which myeloid metaplasi�i �va� present in

the spleen but not in the liver, the serum iron was within normal limits at the

time of the study ( Table 1 ). ( In one additional patient not included in Tables

1 and 2 in whom only a partial iron kinetics study was performed, erythro-

I��iesis was present only in the spleen and the serum iron was low�M. D.,
Table 3.)

In 13 out of 18 cases where myeloid metaplasia was preselit in the liver as

well as the spleen, the patients had a low serum iron concentration at the time

of study ( Table 1 ) . In the remaiinng 5 cases where erythropoiesis was present

in the liver but the serum iron was not depressed, there was evidence for

excessive splenic sequestration and destruction of red cells in the spleen, with

an average mean erythron lifespan = 21.6 days. In 1 case (J. J., Table 3 ) an

initial iron kinetic study revealed erythropoiesis in spleen hut not in the liver,

and a repeat iron kinetics study 2 years later revealed ervthropoiesis in both

liver and spleen. In the second study there was marked splenic sequestration of

red cells with a marked increase in serum iron turnover and increased hemo-

globin synthesis with markedly reduced mean erythron lifespan. These results

suggest that as net hemoglobin synthesis increases, myeloid metaplasia first

occurs in the spleen, and when further reduction in mean erythron lifespan

and further increase in hemoglobin synthesis occurs, due either to superim-

position of depressed serum iron concentration or marked shortening of RBC

survival with splenic sequestration of red cells, myelopoiesis may then be seen

in the liver.

VI. Blood Volume Change

The blood volume (sum of independently measured red cell volume and

plasma volume) is usually increased in all classes of untreated polycythemia.12

The greatest increase is seen in Class III (mean values for blood volume for

the various classes from Table 2 for patients not given radiation therapy prior

to study in Class I = 96.6 ml./Kg. Class lIa = 79.8 ml./Kg. Class lIb = 69.9

ml./Kg. and Class III = 107.4 ml./Kg). The increase in blood volume in the

members of Class III was roughly correlated with the degree of hepato-

splenomegaly present and was associated with a markedly expanded plasma

Volume. Because of the markedly increased blood volume, the hemoglobin

concentration frequently indicated an anemia though the red cell volume (ml.

RBC/Kg. body wt.) was frequently found to be in the normal range.
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824 POLLYCOVE, WINCHELL AND LAWRENCE

VII. Evolution of Erythropoietic Patterns

Two patients initially found to be in Class I and one patient initially found

to be in Class Ila, as well as one patient initially found to be in “iron defi-

ciency” Class 1-lIa, were subsequently found to have developed myeloid

metaplasia as determined by clinical criteria alone ( see above ) . One patient

initially found to be in Class lIa and two patients initially in “iron deficiency”

Class I-IIa were subsequently found to have developed myeloid metaplasia

( Class III ), as determined by histologic examination at postmortem examina-

tion in addition to clinical criteria (see Table 1 ). In one patient initially in

Class I and one patient initially in Class Ila, as well as three patients initially

in “iron deficiency” Classes I and Ila, the transition to Class III (myeloid

metaplasia ) was initially demonstrated by repeat iron kinetics studies in addi-

tion to clinical criteria (see Table 3 ). The two patients found to be in Class lIb

at the time of iron kinetics had no evidence of preceding myeloid metaplasia

and thus would have been classified in Classes I and Ila earlier in their course.

The time from diagnosis to study of patients in Classes I and ha ( mean time

for untreated groups being 0.9 years and 1.3 years, respectively-Table 2) is

significantly shorter than that for patients in Classes lIb and III (mean times

being 18.0 years and 7.0 years, respectively-Table 2), suggesting that patients

ill the former classes had had their disease for a shorter period of time thaii

patients in the latter classes. Many patients who were found to be in Class Ihi

at the time of the iron kinetics study previously had clinical histories and

hematologic findings which suggested that earlier in their course myeloid

metaplasia had not been present. These results suggest that individual patients
in Classes I and ha may be in earlier phases of their disease than patients in

Classes JIb and III. As time passes, many patients in Classes I and Ila may

progress into Class III ( myeloid metaplasia ) or a few may progress into Class

JIb ( refractory anemia with erythyroid hyperplasia and intramedullary

hemolysis).

In all patients in whom repeat iron kinetic studies were 1)e��ormed during

the course of their disease, during the second study calculated hemoglobin

synthesis increased simultaneously with a shortening of mean erythron lifespan

and decreasing hemoglobin concentration values ( see Table 3 ). This same

pattern is seen when plasma iron turnover and hemoglobin synthesis are re-

lated to the mean time after diagnosis of untreated patients in Classes I, IIa

and III, as seen in Figure 5. An even greater rate of hemoglobin synthesis and

shortening of mean erythron life span is seen in the 2 patients in Class lIb

(time from diagnosis to study = 18 years).

As can he seen from Tables 1, 2 and 3 and in Figure 5, there is a rough

direct correlation between hemoglobin synthesis and white blood cell count.3”�

Since, at least in part, the white blood count is a reflection of white cell

production rate, one may postulate that during the course of polycythemia

vera the rate of white cell production increases in a fashion similar to the rate

of red cell production. The concept that white cell production is increased in

certain patients with polycythemia vera has been previously postulated13 and

gains some support from recently published work.14
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Fig. 5.-Plasma iron turnover, Hb synthesis, and WBC count as a function of

time. Mean values for plasma iron turnover, hemoglobin synthesis and white blood

cell count patients not receiving radiation therapy prior to studs’ in Classes I, ha,
and III are plotted as a function of time from diagnosis to studs’.

As can l)e seen from Tables 1 and 2, p�Iti(’nts in Class III ten(l to h:tvc lower

platelet counts than p�ttients in Classes I and ha. Since following their release
from the bone marrow, the platelets, similar to the red cells, speiid the major

portion of their functional life in the blood, the finding that their concentra-

tion, similar to the hemoglobin concentration, tends to he decreased in patients

in Class III suggests that, as with red cells, the functional survival of platelets

is decreased in patients in this class. The concept that platelet survival parallels

RBC survival in this disease gains support from DFP�2 platelet studies which

we performed in two polycythemic patients. In both patients platelet survival

was shortened roughly in proportion to shortening of RBC survival. In one

patient in erythropoietic Class ha the mean platelet survival was 5.2 days, and

in the other patient in erythropoietic Class III the mean platelet survival was

2.4 days (normal 8-12 days).

DIscussIoN

In polycythemia vera, as the disease progresses there is a shortening of red

cell lifespan which is incompletely compensated by an increase in red cell

synthesis, resulting in a progressive decrease of red cell volume. This may
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826 POLLYCOvE, WINCHELL AND LAWRENCE

occur whether or not x-ray or radioisotopes are used in therapy and appears to

l)e a result of the natural history of the disease. Splenic sequestration of red

cells is correlated with this shortening of red cell survival. In these patients, as

the disease progresses and the rate of hemoglobin synthesis increases, myeloid

metaplasia may appear at first in the spleen. The close association of hepatic

myeloid metaplasia with marked splenic sequestration of red cells and abnor-

inally low serum iron concentration suggests that hepatic erythropoiesis occurs

when red cell survival is markedly shortened with marked splenic destruction

or with the additional complication of further decrease of red cell survival due

to low serum iron concentration. It is 1ossihle that low serum iron concentra-

tion in patients with polycythemia vera leads to nonspecific selective advan-

tage of the liver for erythropoiesis relative to the noniron deficient state ( e.g.,

large plasma iron perfusion rate of liver).

In certain cases an abrupt, marked shortening in mean erythron lifespan

may occur prior to the development of myeloid metaplasia, as a result of

marked intramedullary destruction of red cells (Class lib). The development

of this situation appears ominous, since in both of the cases herein reported

death ensued within a year of the iron kinetic study. Patients without myeloid

inetaplasia who have a terminal severe anemia with marrow showing erythroid

hyperplasia have been described by others in patients with polycythemia vera

not treated by radiation therapy.4 Whether the situation which we have de-

scribed as polycythemia vera Class lib is identical with the erythroleukemia-

type picture described by others or whether it is a state preceding the de-

velopment of acute leukemia is open to speculation.

It is suggested that the pattern of evolution of granulocyte and platelet

kinetics in polycythemia vera may be similar to that of the red cells, as

discussed above. Since, as with red cells, the platelets spend the major portion

of their functional lifespan in the blood, the tendency for lowered values of

both platelet and hemoglobin concentration in Class III patients suggests that

in some patients during the course of polycythemia vera the platelets, as well

as the red cells, may have decreased functional survival with incomplete com-

pensatory platelet production. Two studies of platelet survival in this disease

are consistent with this hypothesis. Similarly, since the concentration of white

cells in the blood appears to be relatively independent of the “functional

survival’ of the white cell, the tendency toward increasing white cell counts as

the duration of the disease increases may primarily reflect increasing rates of

white cell production. If these speculations are correct, then the course of

changes in the red cells, white cells and platelets in patients with polycythemia

vera can he described in terms of the progressive emergence of clones of

hematopoietic cells which have selective advantage for reproduction but have

altered functional capacity or shortened functional survival. Whether the

emergence of such altered cell clones may be due to mutational events, replica-

tion error, viral-induced cell changes, or in response to abnormal humoral

stimuli involves second-order speculation at the present time.

The results of this study have two therapeutic implications in the treatment

of myeloid metaplasia (Class III) appearing in the course of polycythemia
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vera. The frequent finding of “iron deficiency” in these patients suggests use-

fulness of iron therapy, in cases where body iron stores are depleted, in the

treatment of their anemia. In those patients in whom splenic sequestration of

red cells appears to exceed splenic erythropoiesis ( evidenced by a secondary

increase in amplitude of external monitoring Fe5” counting rate over the

spleen, as demonstrated in two patients of this study ) splenectomy may be of

temporary aid in reducing the anemia.

The pattern of evolution of erythropoiesis described above applies to pa-

tients whether or not they received radiation therapy or phlebotomy alone.

The present series is too small to determine whether there is any statistical

difference in the rate of evolution of erythropoietic patterns in this disease in

patients treated with radiation versus those treated by phlebotomy alone.

CONCLUSIONS

1. Patients with polycythemia vera may be classified according to their

erythropoietic pattern. Erythropoiesis is abnormally increased in all classes.

Class I is characterized by normal red cell lifespan. Class II is characterized by

shortened red cell lifespan; in Class Ila the shortened red cell survival is related

to splenic sequestration of RBC; in Class IIb the markedly shortened red cell
survival is predominantly related to intramedullary hemolysis. Class III is

characterized by extramedullary erythropoiesis. Patients in Classes I and ha

are in relatively earlier phases of their disease and frequently are found to

develop red cell kinetics of Class III as their disease progresses. Conversely,

patients in Classes hlb and III are generally late in the course of their disease

and have previous hematologic findings that suggest that they originally had

the red cell kinetic patterns of Classes I and ha.

2. As the duration of their disease increases, patients with polycythemia vera

generally have a progressive shortening of red cell lifespan which is incom-

pletely compensated by a progressive decrease in circulating red cell volume.

However, total blood volume remains elevated since the plasma volume in-

creases. These changes occur whether or not the patient receives radiation

therapy. Similar changes may occur in white cell and platelet production and

functional survival. It is suggested that the natural history of the disease may

be characterized by progressive emergence of hematopoietic cell clones which

have a selective advantage for reproduction associated with altered functional

survival.

3. The results suggest the potential usefulness of iron, and occasionally of

splenectomy, in selected polycythemic patients with myeloid metaplasia (Class

III) and anemia, dependent upon the presence of the frequent finding of iron

deficiency or the occasional finding of splenic sequestration of red cells in

excess of splenic erythropoiesis.

Su]�i�+LAnIo IN INTERLINGUA

1. Patientes con polycythemia ver pote esser classificate secundo br con-

figurationes erythropoietic. Le erythropoiese es augmentate de maniera anor-

mal in omne classes. Classe I es characterisate per un normal longevitate eryth-

D
ow

nloaded from
 http://ashpublications.org/blood/article-pdf/28/6/807/573372/807.pdf by guest on 19 M

ay 2023



828 POLLYCOVE, WINCHELL AND LAWRENCE

rocytic. Classe II es characterisate per un reducite longevitate erythrocytic.

In Classe IIa le reducite longevitate erythrocytic es relationate con seques-

tration splenic del erythrocytos. In Classe hlb le marcatemente reducite longe-

vitate erythrocytic es relationate predominantemente con hemolyse intramedul-

lan. Classe III es characterisate per erythropoiese extremedullari. Patientes in

Classes I e ha se trova in relativemente plus precoce phases de br morbo

e disveloppa frequentemente le cinetica erythrocytic del Classe hhh in Ic curso

del progresso de br maladia. Conversemente, patientes in Classes hlb e hhh

ha generalmente attingite un stadio avantiate del curso de br maladia con, in

le passato, constatationes hematologic suggestionante que illes habeva original-

mente le configurationes de cinetica erythrocytic characteristic del Classes h

ella.

2. Con le augmento del duration del morbo, patientes con polycythemia ver

ha generalmente progressivemente declinante longevitates erythrocytic, incom-

pletemente compensate per un declino progressive in Ic circulante volumine

erythrocytic. Tamen, le volumine total del sanguine remane elevate viste que

le volumine del plasma se augmenta. Iste alterationes occurre si o non le pa-

tiente recipe radiotherapia. Simile alterationes pote occurrer in Ic production

e le longevitate functional del leucocytos e del plachettas. Es suggestionate

que le historia natural del morbo es possibilemente characterisate per un pro-

gressive emergentia de hematopoietic clones cellular le quales possede un

selective avantage in le reproduction associate con un alterate longevitate

functional.

3. Le resultatos suggere le utilitate potential de ferro, occasionalmente etiam

de splenectomia, in seligite patientes polycythemic con metaplasia myeloide

(Classe III) e anemia, in dependentia del presentia del constatation frequente

de un carentia de ferro o del constatation occasional de sequestration splenic

de erythrocytos in excesso del rendimento del erythropoiese splenic.
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