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Large-scale genetic study of hereditary sphero-
cytosis (HS) is complicated by the lack of well
defined criteria for diagnosis of mildly affected
cases. This paper presents a study of 181 mem-
bers of 26 families in which normal members and
affected members were classified by analysis of
multiple laboratory tests.

Hereditary spherocytosis is a familial hemolytic
disease characterized by abnormal thickness of the
erythrocyte. The spleen preferentially traps and
destroys these abnormally shaped cells (1, 2).
The hemolysis that results from this normal func-
tion of the spleen is terminated by splenectomy.
Recent studies have turned from the mechanism
of splenic trapping (still unclear) to the cause of
sphering. Metabolic defects in the spherocyte
were described by Prankerd, Altman and Young
(3) in 1955, and recently Prankerd (4) has
shown evidence that the metabolic changes are
of greater significance to hemolysis than is the
shape change. However, the metabolic defects
are thought not to be pathognomonic of HS (5).
Some evidence has been recently introduced show-
ing that the membrane content of phosphatidyl
ethanolamine is decreased (6). To date no unique
enzyme defect has been demonstrated. In the ab-
sence of a specific diagnostic measurement we are
compelled to rely on conventional hematologic
procedures including standardized measurements
of red cell fragility : osmotic fragility, autohemoly-
sis, and mechanical fragility.

The diagnosis of hereditary spherocytosis can
be made with certainty only with laboratory aid
and family study. Although some severe cases
with clinical jaundice, splenomegaly, anemia, and

* Supported by a research grant from the National In-
stitutes of Health.

+ Trainee, National Cancer Institute, during part of this
study.

gall stones have occurred in every series, minimally
affected cases have also been encountered, so that
as early as 1925 Campbell and Warner (7) cau-
tioned against excluding the disease without lab-
oratory data. Contemporary literature does not
make clear the amount of laboratory data re-
quired to establish the presence or absence of HS.

Race (8) made the largest of modern family
studies 20 years ago but did not describe the lab-
oratory tests used to ascertain his cases. Abrams
and Battle (9) appear to have based their genetic
conclusions on measurement of red cell diameters,
using the Hayden erythrocytometer. Although
Young, Izzo and Platzer (10) do not emphasize
their method of diagnosis or ascertainment, they
state that the mechanical fragility was elevated in
every affected case.

Genetic studies of spherocytic families often
produce data at variance with the pattern pre-
dicted for a single, simple Mendelian dominant.
The most frequent abnormality is failure to show
50 per cent incidence in siblings, offspring, and
parents of those affected. Young and co-workers
(10) found a shortage of affected siblings, which
they attributed to low gene penetrance, and a sig-
nificant number of sporadic cases. In a larger
study Race (8) also found a shortage of affected
siblings which he attributed to a high incidence of
miscarriages and fetal deaths. However, single
reports (9, 11) of large families may show 50
per cent affected. One genetic study suggests that
there is an excess of affected males, an unexpected
finding in a simple Mendelian dominant (9). An-
other genetic study indicates that more than one
type of hereditary spherocytosis may exist (12).
The reader is referred to Dacie (13) for a com-
prehensive review.

In this study we have established methods for
ascertaining affected and normal subjects in HS
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TABLE I
Laboratory data of 48 normal controls*
_5
] o
2 [ o )
S g S 8 T o
2% K 28] B 53
Family and | Age | § | ©8 (Mcv| McH | McHC | 3 ~81 8 OF | oF | MF [ AR | AH+G | AB+Ad| Computer | & 2
Individual | & | & §’< wd | gl % be] 3| 8 1% | sob | % | % % % | Diagnosis | 2 %
wumber | Sex | & | 8 8 2w| 288 b |v, |&&
000-001 254 0 16.5 86 29 34 3.9 0.8 1 .45 A3 9.6 4.2 0.2 1.1 - - -
002 65M O 14.3 69 25 38 3.3 0.1 0 .51 .43 4.8 5.2 0.5 5.2 - - -
003 44F O 13.1 79 25 31 2,4 0.4 O .47 .41 3.8 2.6 0.5 1,7 - - -
004 3OF O 1.7 75 22 30 3.0 1.0 0 .47 .39 1.1 11,6 0.4 1.0 - - -
005 28F 0 _13.3 91 29 3 3.0 0.1 1 .44 .40 2.3 2.3 0.5 1.4 - - -
006 33F 0 14.7 19 26 33 2,1 0.3 1 .45 -39 3.1 12,0 0.9 1.2 - - -
007 49M O 16.0 82 28 34 2.4 0.5 1 .49 .43 8.1 0.8 0.1 0.2 - - -
009 T3F 0 16.6 103 35 35 4.4 0.4 1 .48 42 4.3 7.0 0.6 1.2 - - -
010 48 0 15.4 98 33 34 1.9 1.0 1 .46 42 4.4 1.1 0.3 1.0 - - -
011 32F 0 _15.0 101 34 33 4.7 1.1 1 .48 42 3.2 1.9 0.3 0.9 - - -
013 21 0 15.2 90 30 33 2.1 0.2 0 .45 39 4.1 5.0 0.5 2,0 - - -
014 63F 0 13.5 89 28 33 2.9 0.1 2 .46 44 1.6 3.1 0.3 1.6 - - -
015 39F 0 14.3 83 26 32 2.3 0.2 1 .44 38 3.9 1.1 0.3 0.8 - - -
016 29F O 14.4 90 28 33 2.3 0.3 0 .46 39 3.6 1.4 0.3 0.7 - - -
017 27F 0 12,8 80 25 31 2,7 0.3 0 .40 .36 1.4 0.8 0.3 0.6 - - -
018 66F O 15.6 8 28 33 3,5 0.5 1 .45 40. 6.0 1.6 0.2 0.5 - - -
019 234 0 15.0 89 32 35 2.7 0.7 2 .45 39 7.0 3.9 0.4 0.7 - - -
020 20F O 14.3 84 27 3 1.8 05 0 .44 37 5.5 3.8 0.5 0.9 - - -
021 3440 15.7 90 30 33 3.8 0.5 1 .48 A3 4.6 2.1 0.4 1.0 - - -
022 61 O 15.4 85 27 32 1.6 0.6 O .46 42 4,2 2,7 0.7 0.8 - - -
023 28F O 12.9 8 29 32 2,2 0.4 O 485 37 3.3 9.5 1.4 2.3 - - -
024 STH 0 16.8 91 31 33 3.4 1.1 1 46 .43 1.9 0.6 0.1 1.9 - - -
025 51F 0 12,7 85 27 32 2.3 0.2 O .49 43 5.2 2,5 0.2 1.3 - - -
026 4TF 0 14.5 18 27 3 1.4 0.4 0 .49 43 1.9 5.6 0.6 0.7 - - -
027 32M O 14.5 82 26 33 1.4 0.2 0 .47 41 2,1 .09 0.2 0.7 - - -
028 254 0 12,9 84 27 33 2.7 0.2 O .45 38 5.1 1.6 0.1 0.7 - - -
029 338 0 14.5 8 28 33 3.9 1,20 0 46 39 4.7 30,3 1.0 T4 - - -
030 30 O 16.8 86 31 33 2,6 0.1 0 45 40 4.8 10,2 1.5 6.2 - - -
031 33F 0 15.8 8 30 34 2.9 0.4 0 47 A2 2,1 2.4 0.1 0.5 - - -
032 25F 0 13.0 90 31 32 1,7 1.3 0 .46 39 4.0 3.3 0.1 2.2 - - -
033 53F 0 11,9 91 32 29 2.6 0.3 0 .46 39 2,1 1.8 0.2 0,8 - - -
000-034 27F O 13.9 89 29 32 2.5 0.6 0 .47 41 4.7 2.4 0.1 0.8 - - -
035 26F O 13,9 98 32 32 2.4 0.3 0 .45 39 4.8 2.0 0.5 0.9 - - -
036 28X 0 13.3 8 30 33 2.0 0.3 O .46 40 5.0 2.1 0.2 0.7 = - -
037 194 O 15.4 96 31 32 2,6 0.8 0 .44 38 4.4 10.6 0.5 2.5 - - -
038 20 O 14.8 97 32 33 2.2 0.2 0 .51 44 4.6 12,3 0.7 2.0 - - -
039 228 O 15,2 88 30 34 2.2 0.6 0 .45 .38 5.1 10,1 0.7 4.7 - - -
040 24 O 15.6 98 31 31 2,2 0.9 0 .45 .38 3.5 10.2 0.8 1.4 . - - -
041 234 0 13.9105 34 32 3.7 0.3 O .44 .39 3.5 10,3 0.9 1.4 - - -
042 43F 0 1.8 116 37 32 1.9 0.4 Vv .85 41 0.7 7.7 0.6 4.0 - - -
043 234 0 16.6 106 34 32 3,0 1., 1 .46 «41 3.3 6.7 1.2 1.7 - - -
044 28 O 16.0 87 30 34 3.1 0.4 2 46 «40 7.3 16.2 0.7 2.3 - - -
045 29F 0 13.9 104 33 32 2.8 0.6 0 .46 41 4.4 19.0 0.8 6.8 - - -
046 20F O 13,5 68 29 32 1,5 0.5 O .46 .43 2.2 10.6 0.8 1.8 - - -
048 32F 0 14.3 90 30 31 1.4 C.1 O .46 38 2.0 2.4 0.5 1.6 - - -
049 40M O 15.4 86 29 33 3.6 0.5 O .48 .41 6.5 1.6 0.3 0.8 - - -
050 69F O 14.6 105 35 33 2.5 0,5 O .47 .42 5.6 26.4 1.1 3.0 - - -
051 8 0 15.9 79 27 34 2.7 0.9 0 .45 41 3.3 4.3 0.5 1.2 - -
Mean 14.5 89 29.6 33 2.6 0.5 46 41 4 6.1 05 1.8
Standard Deviation 1.31 9.5 3.0 1.4 0.8 0.3 .02 .02 1.8 6.5 1.1 1.7

* Spleen 0 indicates spleen not examined. Spherocyte scores are rated 0-3 according to the number of examiners

who found spherocytes.
corpuscular hemoglobin concentration.

MCV =mean corpuscular volume; MCH = mean corpuscular hemoglobin; MCHC = mean
OF 1% and OF 50% are interpolated values of osmotic fragility correspond-

ing to the saline tonicities listed. MF = mechanical fragility; AH = autohemolysis; AH + G = autohemolysis with
glucose added; AH + Ad = autohemolysis with adenosine added; Dc and D, are discriminants (see text) ; — = normal.

sis of multiple laboratory tests would give better

families, using Fisher’s discriminant function.
We have tested the value of combinations of he-
matologic measurements for diagnosis.
also considered the possibility that statistical analy-

We have

genetic data than was previously possible by de-
creasing the overlap between normal and affected
and consequently increasing the number of mildly
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affected cases ascertained. A brief resume of
genetic conclusions will be given. More elaborate
genetic analysis and detailed clinical description
are subjects of subsequent papers (14, 15).

METHODS

1. Collection of cases. Letters requesting family study
were sent to patients previously diagnosed in this medi-
cal center; 181 members of 26 families were investigated
in detail. Seven of these families were found during
the 4-year period of study. Other family members (in
addition to the 181 recorded here) were investigated too
late to be included in the statistical study. We attempted
to study all siblings in order to avoid bias. Controls
were volunteers from the hospital staff and normal
spouses of family members.

2. Examination. Each person was examined by history,
hematologic tests and, in most cases, palpation of the ab-
domen for spleen size. Patients were interviewed spe-
cifically for information about splenic enlargement and
splenectomy, as well as gall bladder disease, jaundice,
anemia, and leg ulcers. The question of congenital
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anomalies was raised without specifying abnormalities.

3. Collection of samples. Fasting blood specimens were
not practical because of long distances traveled by pa-
tients. Samples of blood were drawn into double oxa-
late (16) for routine blood and reticulocyte counts.
Blood for fragility studies was defibrinated with glass
beads.

4. Laboratory methods. Erythrocyte and leukocyte
counts were done by conventional techniques using U. S.
Bureau of Standards certified hemocytometers and
pipets. Coverslip smears from controls and all family
members were stained with Kingsley’s reagent, given a
code number, and examined for spherocytes by three ex-
perienced observers; slides were graded 0-3 according to
the number of observers who found spherocytes. Reticu-
locyte percentages were determined by counting 1,000
cells stained with brilliant cresyl blue.r More than 90
per cent of the erythrocyte and reticulocyte counts
were done by the same technician. Hemoglobin was
measured colorimetrically as cyanmethemoglobin. Se-
rum bilirubin was done by the method of Ducci and Wat-

1 Higher values are obtained in this laboratory with
brilliant cresyl blue than with the new methylene blue.

TABLE II .
Laboratory data of 87 wunaffected family members with spleens intact*
.« 3

2 B a a

2 > - ® -

34 § 2%% Lk

o (=] m 133 - @

Family and | Age | § | @8 |Mcv) uc|ucuc | 8 818 OF | OF | M | AH | AH+G | AH+Ad| Computer | .S

Individual | & | & §< uwd | uugl % b 3{ 2 1% | 06| % | % % Diagnosis »3

Wumber | sex | &[4 8 2w|2¥| & % |0, |f&
111-101 5SF O 14.4 80 26 34 0.6 0.4 0 .45 .35 1,7 2.4 0.1 0.8 - - -
102 S6M O 14.4 77 24 31 1.4 0.5 0 .45 .34 3.3 1.1 0.2 1.4 - - -
202 19% o0 16,1 86 29 34 3.0 0.5 1 .49 .43 2.7 8.1 0.8 1.6 - - -
203 2M. 0 16,8 — — 34 0.9 0.2 2 - - - - - - - -
167-302 9P O 12,4 93 29 31 1,8 0.4 1 .42 .36 6.0 8.8 0.1 3.3 - - -
168-204 T5F O 12,6 — — 32 1,4 0.3 2 - - 13 - - - - - -
169-305 29F 0 13.6 90 28 32 4.5 0.6 O .45 .37 6.1 4.6 0.3 3.4 - - -
410 9 O 12.3 91 28 32 1.8 0.5 0 .45 39 0.6 5.7 0.7 5.5 - - -
413 11F 0 13,6 85 28 32 3,6 0.2 1 .45 «39 3.8 4.7 0.6 1.6 - - -
170-208 68X 2 9.8 76 26 35 0.1 1.8 1 .45 <41 7.7 0.9 0.3 0.3 - - -
210 78% O 15.9 .92 30 33 3.1 0.8 1 4T .40 5.8 2.9 0.2 1.3 - - -
404 184 0 13.8 84 32 33 0.6 0.0 O .44 .38 4.2 1.7 0.5 0.8 - - -
405 20 O 15.2 8 27 34 2.9 0.2 0 .46 .40 4.9 1.1 0.4 0.5 - - -
408 224 0 16.2 90 30 34 2.4 0.9 O .45 4% 3.2 3.2 0.3 0.8 - - -
414 1M 0 16,8 — — 3% 1,7 0.3 2 - - 12,0 — —_ — - -
419 1P 0 13.3 85 27 33 2.8 0.6 0 .50 42 1.9 1.4 0.4 1.3 - - -
171-201 75F O 14.4 92 30 32 3.4 0.3 1 .50 .41 2,2 1.4 0.3 1.0 _ - -
402 8« o 1.7 87 28 32 1.8 0.3 2 .44 .38 6,6 14.6 1.7 16.6 _ - -
403 10F 0 11,9 82 25 31 1.4 0.3 1 .45 36 4.8 9.8 1.2 5.4 _ - -
404 15F 2 13.1 86 27 31 1.9 0.6 O .44. .39 3.4 6.3 0.7 4.8 - -
405 17F O 13.1 90 29 32 1.8 0.5 0 .45 40 5.8 0.9 0.1 1.8 - - -
172-302 S6F O 13.8 86 29 34 3.5 0.8 2 .49 «43 7.3 6.8 0.4 3.2+ + -
303 56 O 15.6 94 30 32 3.7 0.4 O .48 42 3.0 1.5 0.4 0.8 - - -
306 T3 0 13,9101 33 32 2.2 0.3 1 .46 A2 4.7 2.2 0.3 0.8 - - -
307 75F 0 13.9 101 33 33 0.7 — 1 .46 .36 4.3 6.2 0.5 2.5 -
308 63F O 14.4 82 26 30 0.3 0.5 2 .46 43 5.9 1.4 0.2 0.6 - - -
404 144 0 15,6 — — 34 1.0 0.8 0 .46 .38 5.6 — —_ —_ - -
409 30M O 16,8 — — 34 0.6 1.4 0 .48 42 2.1 ~— - - - -
173-407 16F O 14.7 — — 36 1,1 05 0 46 39 55 =— — - - -
408 ™ 0 12,2 84 28 34 2,7 0.4 0 .47 A1 8.8 1.3 0.5 1.2 - - -
174-304 3F 2 12,4 84 26 31 2,0 0.1 1 .46 .40 4.8 13.5 0.4 T.4 - - -
306 40F O 13,7 96 31 33 2.4 0.3 0 .44 .39 4.2 14.7 0.7 4.1 - - -
402 1P 0 14.2 76 25 32 2.9 0.8 0O - - 6.6 12,2 — -— - -
404 3F 0 13.2 T4 24 33 1.7 0.6 2 .47 -39 5.5 5.2 0.5 2.4 - - -
175-302 174 O 16.6 97 33 35 2.1 0.2 .1 .48 .41 3.1 7.8 0.9 1.2 - - -



STATISTICAL DIAGNOSIS OF SPHEROCYTOSIS

TABLE II— (Continued)

557

e
o a2
2‘ E 0 ]
s > -~ @ -
24 8 a8 5 R
o — m 13 - 0

Family and | Age | & | @8 [MCV| MCH | MCHC | 3 ~8] 8 OF | OF | MF | AR | AH+G | AH+Ad| Computer | 9 2

Individual | & | ] 8T Jud | wue} 2 | 2 3| 8 1% | sot | % | % % % | Diagnosis | 2 %

Mumber | Sex | |8 8§ 2w | ¥ & e | D, Ea

175-303 144 0 13.9 78 26 33 1.8 0.6 1 .44 .38 2.7 1.7 0.2 0.6 - - -
304 M 0 12,5 — — 33 0.3 0.5 1 - - 4.9 =—= - - - -

176-304 45F 0 13.1 91 31 34 2.7 0.2 0 .47 .42 3.3 2.3 0.3 0.8 - - -
305 SIF 0 12.4 83 27 33-27 0.6 1 .49 .42 1,3 1.2 0.2 0.8 - - -
306 98 0 15.0 83 28 34 2.5 0.4 1 .49 .42 7.6 3.6 0.4 1.0 - - -
308 62F O 15.0 97 32 33 2.9 0.4 O 51 .44 2.8 4.2 0.4 1.6 - - -
403 1M 0 14.4 88 27 31 2.6 0.5 1 ,48 .41 4.3 9.6 0.2 2.6 - - -
404 8 o0 11.9 80 24 33 2.1 0.5 1 .45 .39 4.2 6.4 0.5 2.8 - - -
405 10M O 12,0 80 25 31 4,2 0.2 1 ,47 .40 5.1 1.9 0.1 0.1 - - -
409 2F 0 12,3 — 25 — 1.7 — O - - - = - -

410 168 0 14.8 95 31 32 29 0.4 1 49 .43 7.0 3.4 0.5 1.5 - - -
4an 15F 0 13.5 89 29 33 3.2 0.1 1 48 .41 5.6 1.4 0.6 0.7 - - -
412 114 0 13.5 79 27 34 3.1 0.1 o0 48 .4 6.8 1.4 0.4 0.8 - - -
413  10F 0 13.9 83 28 33 19 0.0 O ,46 .40 4.5 0.8 0.5 0.7 - - -
414 8F 0 13.2 18 27 34 0.8 0.1 0 48 .42 6.5 2.3 0.4 1.1 - - -
415 SM 0 12.3 76 26 34 3.0 0.0 1 - - 4.1 1.4 — - - -
416 38 2 12,5 77 27 34 2.4 0.1 1 - - 4.0 3.0 — - - -
417 10 2 12.8 84 27 34 2.3 0.5 1 .45 « 40 8.7 1.3 — - - -
418 6F 0 12.3 92 30 32 3.3 0.3 1 .46 .40 T.3 2.5 — - - -
419 44 0 12,4 89 N 3% 2.8 0.3 2 .50 . .43 3.5 3.1 0.3 1.0 - + -
422 294 o0 12,6 98 32 32 3,7 0.3 O 52 .45 3.6 1.9 0.4 1.2 - - -
426 38 0 15.0 8 29 33 1.7 0.1 o0 53 .46 4.3 4.5 1.1 1.7 - - -
503 24 0 1.6 79 25 32 2.0 0.2 0 - - 56 — - - - -

177-305 32F 0 14.3 91 -3 34 1.4 0.4 0 46 .39 2,7 1.0 0.4 0.7 - - -
401 M 0 12,0 — 25 — 3.4 — O - = = - —

402 24 0 12,0 — 25 — 2.5 10 1 - - 3.9 - - - - -
403 1 0 109 — 25 — 2.8 0.0 1 - - - = = —_ - -

178-501 3 0 12.5 90 30 34 2.0 0.2 0 .44 .37 3.9 2.7 0.1 0.6 - - -

179-203 34F 0 12,3 19 24 31- 1,7 0.4 0 .49 . 40 3.9 5.4 1.2 1.9 - - -

180-302  48M 0 16.1 95 33 34 2.8 0.5 0 .52 .47 4.9 3.2 0.2 0.8 - - -

181-202 28F 0 13.1 18 26 33 1.3 0.2 2 .48 ,44 6.4 5.1 0.1 0.8 - - -

182-308 26M 0 14.4 85 30 35 2.2 0.6 3 .47 .43 8.1 8.2 0.6 2.5 + + -
401 19F 0 13.2 — — 35 1,0 0.3 3 - - 81 = - - - -
403 6F 0 13,9 — — 34 1.1 0.2 1 - - 54 = - - - -

183-201 38 o0 17.0 76 27 3 1.8 0.8 o0 .46 .40, 4.2 1.8 0.2 —_ - - -

. g
2] o
s i g 2 o
2% § F9 % CE
Family and | Age | § ‘38 MCV | MCH | MCHC § :8 § OF | OF | MF | AH | AH+G | AB+Ad| Computer §§
Individual & | 3] 8T Jud | gl % b 8| 8 1% | s0% | % | % Diagnosis | & &

Bumber | sex | &' | 8 B 2e| 28| & , [Ra

183-202 33 0 15.0 82 27 33 1,0 0.3 0 45 .38 3.8 2.1 0.5 0.8 - -
203 42F 0 13.2 84 28 33 1.4 0.1 O - - 20 — - - - -
204 36F O 13,3 76 25 32 1,2 0.4 O - - 53 = = - - -

184-201 514 0 15,8 — — 39 1.1 0.1 Q - - 4.7 - - - - -
302 14F 0 13,2 — — 34 1.5 0.1 O - - 3.4 — - ~-= - -
-303 294 0 152 — — 37 0.3 1.0 ! - - %2 - - = - -

188-201 23F - 13,9 — — — 0.6 — 1 - - 18 - = —

202 254 - 16,0 — — — 0.5 — 0 .46 .37 4.8 5.1 — -
302 3 - 1.8 — 24 — 0.4 0.0 1 - - = = - - - -
303 M - 11,3 — — — 0.8 0.0 1 - - 08 — — — - -

189-201 S5TM - 15.5 95 32 34 2.8 — 0 .49 .44 1.5 1.7 -— o
202 53F - 13,9 — — — 4.2 — 2 - - 35 - = -

302 26F - 14,0 — — — 2.9 — 1 - - 35 - = -

190-201 36M O 16,4 — — 33 05 0.2 O - - 41 - = - - -
202 35F 0 14.3 — — 34 1.1 0.7 3 - - 65 — - - - -
303 14M O 14.1 — -— 33 1.2 0.2 O - = 51 - - - - -
304 15F 0 15.6 — — 33 1.6 0.4 O - 6.5 — - - - -

Mean 13.8 86 28.0 33 2.0 0.4 A7 4 4.8 4.3 0.5 2.0

Standard Deviation 1.5 7.0 2.5 1.2 1.0 0.3 .05 .03 2.0 3.5 0.3 2.5

* Spleen 2 indicates palpable spleen. Spleen 0 =not felt or not examined; -+ =affected; — =normal; blank

space indicates insufficient data to form discriminant.

See Table I for other abbreviations.



558

son (17). Mechanical fragility was done by modification
of the method of Shen, Castle and Fleming (18) and
osmotic fragility by the method of Emerson and co-work-
ers (19). Interpolated values of saline concentration
giving 1 and 50 per cent hemolysis were recorded for
numerical analysis. Autohemolysis was done by the
method of Young, Izzo, Altman and Swisher (20). To
some aliquots glucose was added to give a final concen-
tration of 2.7 X 10* M, or adenosine was added to give a
final concentration of 9 X 10 M.

5. Discriminatory analysis. 1t is known that many lab-
oratory tests related to hemolysis are abnormal in
hereditary spherocytosis. Statistical theory indicates that
a combination of these tests would provide a better
diagnostic measure than would any isolated test. This
statement should be true until the genotype can be iden-
tified. A suitable statistical tool for using multiple lab-
oratory tests was developed by Fisher (21, 22). This is
the discriminant function method; it gives a formula
for the best linear combination of measurements for
distinguishing between groups and is analogous to mul-
tiple regression. The formula gives an optimal dis-
criminant only if the distributions are normal and have

MacKINNEY, MORTON, KOSOWER AND SCHILLING

the same standard deviations in the two groups. Al-
though these conditions are only approximately fulfilled,
the method has been found in practice to give good results.

Twenty-nine affected cases with intact spleens were
selected as classical examples of HS on the basis of in-
disputable laboratory evidence and family history. Values
for hemoglobin, erythrocyte indices, reticulocyte per-
centage, total bilirubin, spherocyte score, 1 and 50 per cent
osmotic fragility, mechanical fragility, autohemolysis, auto-
hemolysis with glucose, and autohemolysis with adenosine
from these 29 typical cases were compared with similar
data from 48 controls. The data were processed by an
IBM-650 computer programmed to maximize the intra-
class correlations of the two groups. A derived num-
ber was obtained for each subject, representing the
weighted value of the combination of all 13 tests. This
derived number was called the complete discriminant
score (Dc). Zero was chosen as the dividing line be-
tween normal (negative score) and affected subjects
(positive score). As might have been anticipated, there
was no overlap of Dc values when the control group
was compared with the classical cases of HS. A sec-
ond score, using only the values for reticulocytes, bili-

TABLE III
Laboratory data of 76 affected family members with spleens intact *
=
a 2
s :,;' g o -
28 S 2E1 S g9
[} ~ m [3) -
Family and | Age | § '13},8 McV| McH | MCHC | 3 ~38] 8 OF | OF | MF | AR | AH+G | AH+Ad| Computer | S 2

Individual | & | S| < Jud | g} % | 2 A 1% | sot | % | % % % | Diagnosis | 2 ¥

Mumber | Sex | &' & & Ew| ¥ & % |1, |R&

111-201 234 2 15.8 66 23 35 15.6 4.1 2 .44 .39 14.0 3.0 0.3 2.7 + + +

112-201 MF 2 8,0 8 24 28 31.9 1.5 3 .49 .44 15,7 14.9 10.6 24.4 + + +

166-201 58 2 8,9 84 30 36 14.9 2.1 2 .60 .43 21.8 14.8 2.2 9.0 + + +
301 238 2 13.4 96 35 33 8.9 4.4 2 .48 .42 14.9 39.6 1.4 —_ + + +

167-301 1O 2 11,0 72 24 34 15,1 0.5 2 .64 44 17.8 48,5 6.6 17.0 + + +
303 8F 0 11,5 = 26 —_ 12,1 1,1 3 - —_ 12,7 - — — + +
304 2F 0 12,0 = 27 — 10.3 — 3} - —_ - - - -

168-202 1744 2 16.6 107 38 33 3.0 0.7 1 .49 .43 8.2 23.2 1.4 7.0 - - +
205 65F 2 14,5 = — 38 7.6 1.2 3 — —_ 15.9 — = - + +
401 T7F 0 13,6 72 27 31 6,1 0.7 2 54 .44 10.2 4.8 — — + +
402 8F 0 14.8 — — 38 3.1 0.9 3 — - 15,6 — — — + +
403 4F 2 9.1 —— —_ 12.4 0.5 3 _— _— _— _— - _— + +

169-201 68F 0 12,3 83 27 33 13,0 1.6 2 50 .44 8.8 5.1 3.3 5.7 + + +
301 21F 2 13.3 86 36 9.8 2.0 2 .53 .43 12,8 30.7 2.3 16,0 + + +
302 24F 2 13,1 11 26 34 10.8 1.1 2 .47 .42 9.0 — 1.0 5.7 + +
303 24F 2 12,1 90 32 36 10.4 2.5 3 .50 .44 10.4 20.3 1.6 6.7 + + +
304 MF 2 13.8 = — 36 3.4 1.0 3 — _ 9.5 — — — + +
306 36M 2 14.4 84 30 36 13.5 1.1 3 .47 .42 13.2 22.3 1.3 - + + +
309 38F 2 13.8 84 29 35 8.7 1.0 3 .52 .46 1.8 1.5 2.4 3.6 + + +
407 114 2 12,3 — - 37 5.2 1,6 3 — — 18,6 — — — + +
408 14N 2 15,4 — — 38 3.8 1.1 3 - - 9.4 — - — + +

170-301 42N 0 17.1 98 36 38 8.0 1.7 3 .55 .44 10.7 30.2 2.5 9.5 + + +
1303 484 2 11,9 92 31 34 12,8 2.6 2 .46 .44 17.1 26,1 1.6 7.9 + + +
304 484 2 13.9 84 30 35 8.5 1.8 3 .49 .44 13.1 24.1 0.9 3.9 + + +
407 18F 2 14,1 86 31 35 4.8 0.7 1 .49 .43 15.1 29.2 1.4 10.6  + - +
409 16F 0 15.0 85 31 36 5.6 0.8 2 .46 .43 9.8 15.3 0.2 4.0 + + +
416 19F 2 13.6 85 31 36 6.6 1.1 3 .50 .42 12.8 21.3 0.9 7.5 + + +

171-301 35M 0 16.1 83 29 36 6,5 1.0 3 .53 .46 9.7 9.8 0.7 2.6 + + +

172-401 194 0 11,9 — — 33 8.1 2.4 3 .62 .46 24,4 — - - + +
402 184 2 12,9 — -- 37 12,5 4.7 3 .68 .45 6.0 — — - + +
405 13 2 14,8 — — 39 13.0 1.7 3 .67 .43 15.2 26.9 5.5 9.6 + +
408 IM 0 11,5 — — 38 12,9 0.6 3 .62 .45 17.0 — — - + +

173-205 63F O 10.6 85 28 33 7.0 1.5 3 .49 L85 7.8 33.1 1.0 9.2 + + +
301 434 0 12.6 8 29 35 9.3 0.8 2 .53 .44 17.3 30.8 2.1 5.5 + + +
304 /M 2 13.2 94 34 36 6.0 1.8 3 .53 .45 12,4 — - - + +
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TABLE I1TI— (Continued)

g
o o
3 E 0 ]
S bl A 2 )
3 5 8% 3 i3
Family and [ Age | § | %8 {mcv| McH | xcEC | 3 =8| & OF | oF | wr | AR | AB+G | AH+aAd| Computer [ © 8
Individual & 1S ?{ w | gl % b 3| 8 1% | 50| % | % % Diagnosis | 2 &%
Number | Sex | & [ 8§ ew| &¥| & D | D, g2
173-305 354 0 11,8 86 26 34 8.0 1,5 3 .53 .46 12,2 12,0 — -_ + +
307 35 O 10.6 80 26 32 6.8 0.1 3 .48 .42 11,2 35,5 2.4 9.1 + + +
405 SF 2 10.9 80 26 33 12,6 0.4 3 .50 .43 S.4 14,9 1.0 4.8 + + +
406 124 2 13.0 67 24 36 7.1 1.8 2 .52 .43 9.4 8,0 — — + +
175-204 37F 2 11,4 82 31 37 1.4 1.2 3 .67 .48 23.4 24,9 5.0 7.0 + + +
301 114 2 8.6 83 29 34 12,3 1,6 3 .65 44 22,4 60.2 12.4 20.3 + + +
176-408 3 2 7.4 69 22 32 13.0 2.2 3 - - 15.5 5 13.0 27.9 + +
501 3F 2 9.6 o= 27 — 20,2 — 3 - - —_ - - - +
502 24 0 9.0 — 24 — 16,6 — 3 - - _ - - - +
177-202 658 O 12,8 97 35 36 7.9 1.4 3 .49 41 11,9 21.2 1.6 4.2 + + +
308 24M 2 11,7 82 29 36 17.0 1.5 3 .57 43 13.7 14.3 1.0 5.4 + + +
310 29 0 14.6 83 32 35 3.5 1.2 2 .50 44 6.9 10.0 0.5 1.8 + + +
178-302 S8M 2 14.0 86 32 37 9.7 1.2 2 .49 .43 7.3 8.8 1.4 1.5 + + +
401 . 30M 2 14.7 178 33 43 12,3 1.7 3 - - 13,5 26.2 1.9 4.6 + +
179-102  67M O 14.5 88 30 35 5.3 0.7 2 .52 46 14,1 18,2 1.4 11,1+ + +
202 32F 0 13.9 85 30 36 5.1 1,2 2 .51 44 8.4 22,5 4.0 5.5 + + +
204 36F O 9.2 T1 24 33 15.1 2,3 3 .62 49 11,0 28.1 1.2 9.2 + + +
180-305 58F 2 12,0 83 29 35 9.0 — 3 .54 - - - -_ - +
306 46F 2 10.4 — — 34 14,5 1.5 3 44 38 12,5 16,0 — — + +
181-203  31M 2 14.1 76 29 37 7.0 1.5 3 .65 52  27.0 28.1 4.5 9.4 + +
303 6F 2 11.1 715 28 37 17.0 2.4 3 .73 A9 21,5 23.0 1.7 — + +
304 84 2 10,5 — — 35 5.4 08 3 - - 143 = - - + +
305 SF 2 11,6 66 26 38 7.3 1.3 3 - - —_ - = - + +
182-201 S9F 2 8.7 87 30 35 9.4 2.9 3 .46 A3 14,1 271 4.3 3.4 4 + +
204 5TF 2 10.9 99 35 35 9.7 2.3 3 53 - o - — ol hd +
307 36F 2 11.8 82 28 35 6.5 1.1 3 .46 .43 12,6 24.5 1.4 5.5 + + T+
309 35M 2 13.5 81 36 36 5.0 1.1 3 4T .44 13.0 21.4 1.1 5.6 + + +
402 144 0 16,3 — — 37 4.5 1.0 3 - - 170 — — - + +
183-301 10F 2 1.6 84 27 34 7.8 4.4 3 .48 .41 8.6 3.7 1.2 0.6 + + +
184-202 48F 2 12,2 — - 38 8,8 0.1- 3 - - 12,0 — —= - + +
301 18 2 12,7 715 32 42 13.2 2.2 3 - - 3.0 — - - + +
185-201 4F 2 10,0 =— — — 1.5 2.0 2 - - —_ - - - + +
301 13 2 10,3 — =— — 104 1.2 3 .55 .44 1.2 ~— — @ — + +
186-301 SM 2 12,0 — — — 20,0 1.6 3 .62 .47 14.5 — = - + +
187-201 60M 2 9.2 — — 38 6.0 4.4 3 - - - - = = + +
s 3
2 I -
3 g 9% LE
i | [ E R |28 5] | [ e e (3
2] 8519 [wmel % | ¢ < 1 Diagnosis | 8
Busber | Sex | &| 88§ Sw| ¥ 3 m|»4 g2
187-301 25F 2 M4 — — 36 1.5 20 3 51 .47 16,0 43.0 — — + +
401 6N 2 14.8 — — 33 3.9 1.5 3 51 .45 12,9 39.0 — —-— + +
188-301 4F 2 8.4 93 29 31 16,1 1.9 3 - - -— —_ - - + +
189-301  18M 2 15.3 79 31 40 12,4 48 3 .53 ,43 16,0 14.6 0.6 — + + +
190-301 9F 2 9.0 — — 37 15.1 0.8 3 - - 30.0 25.3 7.8 — + +
302 13 2 148 — — 34 1,0 0.4 3 —_ - 94 - - - +
Mean 12.4 8329.2 36 9.9 1.6 S8 4k 13.8 22.9 3.2 8.0
Standard Deviation 2.2 8.5 3.5 2.5 4.9 1.1 .07 .02 4.3 12,4 2.6 6.0

* Spleen 2 indicates palpable spleen.

rubin, hemoglobin, and spherocytes, hereafter called D,,
was similarly prepared. A third score, called D;, was
made, adding mechanical fragility to the data for D,. A
fourth discriminant, called Dh, using autohemolysis, auto-
hemolysis with glucose, osmotic fragility 1 and 50 per
cent, and mechanical fragility was also made. These
four discriminants were used to determine relative ef-
fectiveness of various combinations of tests.

See Tables I and II for other abbreviations.

On the basis of the variables weighted by analysis of
normals and classical cases, the computer then scored
the remaining family members as “unknowns,” deriving
for each family member a D, and Dc. A physician’s
diagnosis was made by one of us (RFS), who examined
the same data available to the computer for Dc; i.e.,
with names and computer scores excluded to minimize
bias. In his analysis of the data the physician took into
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TABLE IV
Laboratory data of 19 affected family members with spleens removed *
s
a 2
2 [ o )
g . > fal [ -
28 3 a8 R g2
o —~ m [} - w
Family and | Age | § | ©8 |Mcv) McH | McBC | 3 ~81 8 OF | OF | MF | AH | AH+G | AH+Ad| Computer g2
Individual | & | & | 8T Jud | pug) % | 2 3] 8 1% | soh| % | % % Diagnosis | 2 %
dumber | Sex | & | & 8 2| 2 ¥ & e |0, |RA
167-202  40M 1 15.9 77 26 34 3.9 0.5 2 .58 .49 15.6 42.4 0.8 26.9 + + +
168-301 42 1 16,5 11 27 38 - - 3,51 .42 12,0 7.1 0.4 — +
169-307 30M 1 16,2 88 30 34 2.4 1.0 1 51 .45 9.5 38.6 1.5 9.0 - - +
308 32M 1 15.9 95 34 36 3.8 0.8 1 .51 .43 7.0 21.3 1.0 8.6 - - +
170-305  46F 1 15,8 91 33 37 3.0 0.9 1 .54 .44 8.4 23.1 0.9 6.7 - - +
306 44F 1 15,0 93 33 3B — 0.5 2 .54 .45 10.4 22.9 0.7 8.4 +
171-304 43F 1 14,2 82 26 31 2.9 0.8 3 .92 .45 6.8 13.2 1.1 5.3 + + +
172-403 204 1 16,8 92 33 36 3.9 0.5 3 .S58 .47 17.0 93.5 7.8 44.2 + + +
406 17M 1 16.6 74 27 37 4.7 0.4 1 .55 .46  15.1 82,0 4.0 26.0 + - +
407 134 1 14.6 79 27 32 8.4 0.3 2 .53 .45 13.3 10.4 0.5 8.0 + + +
411 28F 1 15.6 82 28 35 1.3 0.6 2 .58 .48 10.8 35.0 0.8 13.9 - - +
174-302 37M 1 14.3 81 27 34 4.0 0.2 3 .56 .48 12,5 358 1.2 17.7 + + +
176-302 444 1 14.9 93 32 34 6.5 0.5 3 .55 .46 12,0 35.5 0.7 26.8 + + +
303 42M 1 14,7 76 25 33 . 2.8 0.5 3 .55 .47  16.2 50.8 8.1 22.8 + + +
406 8M 1 13.3 81 30 37 5.3 0.4 2 .57 .46 21,9 32.7 0.9 6.9 + + +
407 7F 1 13,4 81 29 35 6.7 0.3 3 .53 46 171.5 37.2 0.8 9.2 ~+ + +
423 27F 1 1.7 17 24 32 5.2 0.3 1 .45 .43 17.8 15.6 0.5 6.2 + A +
180-301 51 1 15,6 87 3 35 3.0 0.2 3 .55 .46 8.5 45.7 6.1 30,9 + + +
186-201 3P 1 14,5 — —= — — — - 57 48 4.8 — — -
Mean 15.0 84 29 35 . 4.2 0.5 .54 46 13,0 35.7 2.1 16.3
Standard Deviation 1.30 6.8 3.1 1.7 1.8 0.2 .03 .02 4.1 22.7 2.6 11.3

* Spleen 1 indicates splenectomy.

account whether or not the spleen was palpable.

See Tables I and II for other abbreviations.

The

Multiple correlation coefficients for various com-

machine did not score this item as part of Dc because
the control group had not been examined for palpability
of the spleen.

RESULTS

Tables I-IV give data for four groups: I, nor-
mal controls; II, nonaffected family members;
III, affected relatives with spleen intact; and IV,
affected relatives after splenectomy. Table V
gives the means and standard deviations for the
several laboratory tests of these four groups.

binations of laboratory tests are given in Table VI.
These coefficients were determined by comparing
the controls with the classical cases of HS. If the
distributions were normal and the variances the
same for these two groups, and if affected persons
were representative of all carriers instead of clearly
affected cases, there would be a simple relation-
ship between the correlation coefficients and the
overlap. These conditions were not met, and we
have no simple method of calculating the amount

TABLE V
Means and standard deviations of 12 tests used to ascertain hereditary spherocytosis
Total 1% 50%

Group Sex Hgb.  MCV_ MCH _ MCHC Retic. Bili. _OF OF MF AH _ AH+G AH+Ad
Controls 23M, 25F || X 14.5 89 30 33 2.6 05 .46 .41 41 6.1 0.5 1.8

s.D. A1.3 9.5 3.0 1.4 #0.8 *0.3 X02 %02 *1.8 6.5 .1 L7
el 4am, 43F || R 138 86 28 33 20 04 .47 .41 48 43 05 20
Members S.D. X1.5 1.0 2.5 1.2 *1.0 0.3 205 %03 2.0 *3.5 0.3 *2.5
Affected 41Mm, 35F || X 12.4 83 29 36 9.9 1.6 .54 .44 13.8 229 3.2 8.0
With S.D. *2.2 8.5 3.5 2.5 4.9 1.1 %07 *02 4.3 124 226 *6.0
Spleen
Splenect- | 12M, 7F || X 15.0 84 29 35 42 0.5 .54 .46 13.0 357 2.1 16.3
omized s.D. 1.3 6.8 *3.1 X7 1.8 0.2 103 02 4.1 2227 $2.6 I3
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of overlap between normal subjects and carriers
of the gene for spherocytosis. Table VII con-
tains correlation coefficients of laboratory tests
for normal controls and classical spherocytic pa-
tients.

The equation for D, is: —0.9797 + 0.1842
(spherocyte score) — 0.0255 (hemoglobin) +
0.0471 (In total bilirubin mg per L) 4 0.2735 (In
reticulocytes per 1,000).

A sample solution for the data of Subject
187301 in which the spherocyte score was 3, the
hemoglobin 11.4 g, the total bilirubin 20 mg per
L, and the reticulocytes 75 per 1,000 is:

D, = — 0.9797 + 0.1842 (3.0) —0.0255 (11.4) +

0.0471 (In 20) + 0.2735 (In 75) = + 0.60
Since this is a positive score, by the use of this
discriminant the patient was considered affected.

The standard deviations of tests performed on
the control group are wide. This is largely due
to skewing of curves to the right. Day-to-day
variability for a given individual was also noted,
especially in the autohemolysis test. For example,
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TABLE VI

Multiple correlation coefficients of wvarious combinations
of laboratory tests used to form discriminants

Discriminant

Discriminant Ratios x 100 Components used to form discriminant

Dy 88.1% Hemoglobin, Reticulocytes, Bilirubin,
Spherocytes

Dg 89.6% Hemoglobin, Reticulocytes, Bilirubin,
Spherocytes, MF

Dc 9l1.4% Hemoglobin, Indices, Reticulocytes,
Bilirubin, Spherocytes, MF, OF 1%,
OF 50%, AH, AH + G, AH + Ad

Dh 78.5% MF, OF 1%, OF 50%, AH, AH + G

the standard deviation of six replicate autohemoly-
sis determinations with a mean of 18.3 per cent
was 0.7. Over a period of several months auto-
hemolysis was determined six times on blood from
a single nonfasting individual. The mean value
was 7.4 per cent with a standard deviation of 4.9.

Figures 1-4 illustrate graphically the overlap
between normal and affected family members when
single tests were used. Figure 1 shows the distri-
bution of reticulocyte percentages for affected
persons with a spleen and nonaffected family mem-
bers. It can be seen that the reticulocyte count is

TABLE VII
Correlations of single tests used to diagnose hereditary spherocytosis

Sphere 1.00

Score :

Hgb. -.41 100

Ind.

Bili. .56 -.28 1.00

Retic. .83 -.51 .62 1.00

AH .63 -.43 .55 .66 1.00

AH+G .64 -.49 .48 .70 .83 1.00

1%

OF .57 -.42 .39 .66 .52 .64 1.00

50% .67 -.25 .43 .61 .45 .51 .1 1.00

OF

MF .13 -.33 .52 .79 .63 .63 .65 .59 1.00

MCHC .56 .03 .39 .52 .42 .41 .51 .54 .63 1.00

MCV -.17 .29 .07 -.19 -.11 -.18 -.33 -.27 -.25 -.21 1.00

MCH .14 .26 .30 .04 .15 .04 -.07 .03 .07 .19 .79 1.00

Sphere Hgb. Ind. Retic. AH AH+G 1% 50% MF MCHC MCvV MCH
Score Bili. OF OF

If r (correlation coefficient) = *.22, p = 0.05
If r (correlation coefficient) = * .29, p = 0.01
If r (correlation coefficient) = * 37, p = 0.001
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FECTED AND NORMAL FAMILY MEMBERS WITH SPLEENS IN-
TAcT. Each symbol indicates two individual values.
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an excellent test for separating these two groups.
The high normal values are due in large part to
the use of brilliant cresyl blue rather than the new
methylene blue. Figure 2 shows the distribution
of spherocyte scores for normal and affected sub-
jects. There was a tendency to over-read normal
smears. This was noticed by the examiners es-
pecially when five or more normal smears were
studied in succession. Seventeen per cent of
smears from the normal family members were read
as showing spherocytes by two or more observers.
However, only two smears from normal family
members were read as positive by all three ob-

No. of Subjects

60
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X = Affected

40
30

20

b ccocococ 0000000000000 E000 ¢
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g
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<

(X XX XX XK
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X
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TOTAL BILIRUBIN
mgms /100 ml.

Fic. 3. DISTRIBUTION OF TOTAL BILIRUBIN VALUES FOR
AFFECTED AND NORMAL FAMILY MEMBERS WITH SPLEENS
iNTACT. Half symbols indicate one individual.

servers. In one of these two (182308) the clas-
sification is uncertain. There was no tendency to
under-read smears of affected individuals; 97 per
cent of the affected had spherocytes according to
the majority of observers.

Figure 3 shows a comparison of bilirubin values
for normal and affected (total bilirubin was used,
since statistical analysis showed high correlation
between indirect and total bilirubin). Twenty-
eight per cent of affected fell within the normal
range. Similarly for mechanical fragility (Fig-
ure 4) we see that 20 per cent of affected fall within
the normal range. In Figure 5 the overlap be-
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tween affected and normal for hemoglobin values
is nearly complete.

When values for reticulocytes, hemoglobin, bili-
rubin, and spherocytes were combined to form a
discriminant, D,, six discrepancies between D,
and the physician’s diagnosis were found among
159 family members with spleens. This is a 3.7
per cent discordance, using four tests. When all
13 tests were used to form a discriminant, Dc,
three discrepancies between Dc and the physician’s
diagnosis were found among 110 family members.
This is a 2.7 per cent discordance, using 13 tests.

DISCUSSION

The problem of diagnosis or ascertainment of
hereditary spherocytosis for genetic analysis dif-
fers from classical medical diagnosis in several
respects. The emphasis is on detection of disease
in people who consider themselves well rather than
proving that a given case of hemolytic anemia is
typical of hereditary spherocytosis. The physi-
cian working with a sick patient may conveniently
repeat a variety of laboratory tests until the diag-
nosis is certain. Ideally the medical geneticist
would make a single quantitative measurement
that would segregate the members of HS families
into two groups. To date such a measurement
has not become available. We must rely on a
number of tests which describe the syndrome of
hereditary spherocytosis. For genetic purposes
we must make the group of tests large enough so
that we can draw a correct conclusion from a
single sample of blood, since daily fluctuations
are expected for each test in the same individual
and we are not likely to be able to re-study any
significant number of these individuals.

What tests are available and how are they in-
terpreted? Elevation of the reticulocyte count
indicates increased red cell production. An in-
creased indirect bilirubin suggests a hemolytic
process, but increased values are found in other
diseases—e.g., Gilbert’'s disease. Elevated os-
motic fragility correlates with spherocytosis (23).
Examination of the blood smear is the only way
yet devised to demonstrate spherocytes, but it is
the least objective of the available tests. Mechani-
cal fragility is also an indicator of spherocytosis,
and appears to be more sensitive than the osmotic
fragility test (24). It is not specific, since ele-
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vated values are found in the presence of agglu-
tinated cells or sickle cells (18). Autohemolysis
is also an indicator of spherocytosis (Reference
13, p. 45) and is of importance to the diagnosis of
the hereditary disease, since the high values found
in this disease are markedly reduced by the ad-
dition of glucose (25). Red cells in acquired he-
molytic anemias usually do not show significantly
less autohemolysis with added glucose (20). Au-
tohemolysis may be of further value in separating
HS into two types, since it has been reported that
addition of adenosine changes phosphorylated in-
termediates toward normal in some families and
not in others (12).

Quantitative estimates of the correlations of
these tests are given in Table VII. These esti-
mates were made from the data of normal con-
trols and classical cases of hereditary spherocyto-
sis. They are not necessarily valid for normals
alone, or for other hematologic diseases. The
spherocyte score correlates most significantly with
reticulocytes, mechanical fragility, 50 per cent os-
motic fragility, and autohemolysis, in that order.
The fragility tests are significantly and approxi-
mately equally correlated with each other; higher
correlations are found within tests: 1 per cent os-
motic fragility with 50 per cent osmotic fragility,
and autohemolysis with autohemolysis plus glu-
cose. The table also shows that a decrease in the
mean corpuscular volume and an increase in the
mean corpuscular hemoglobin concentration are
correlated with increased fragility, as expected.
Decreased hemoglobin and increased bilirubin are
correlated with increased fragility.

Since the tests are highly intercorrelated, it is
unlikely that all the tests are required to diag-
nose family members after the first case has been
ascertained. There are two lines of evidence that
establish this observation. The first is that com-
parison of the multiple correlation coefficients in-
dicates little improvement in discrimination when
a combination of all 13 tests is used instead of a
combination of 4 tests. The multiple correlation
coefficient is a discrimination ratio; that is, it
gives a percentage value to the relative discrimi-
native efficiency of various combinations of tests
in separating the affected and normal groups.
From the multiple correlation coefficients we can
say that 78 per cent of the variability between the
controls and 29 hand-picked affected is accounted
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for by the five fragility tests used to form Dh:
autohemolysis, autohemolysis with glucose, os-
motic fragility 1 per cent, osmotic fragility 50 per
cent, and mechanical fragility. Eighty-eight per
cent of the variability between the two groups is
accounted for by four simple laboratory tests
used to form D,: hemoglobin, reticulocyte count,
bilirubin, and spherocyte score. The multiple
correlation coefficient for D;, adding values for
mechanical fragility to the four values used to
form D,, is increased only slightly (to 90 per cent)
over D,. The correlation coefficient for the com-
plete discriminant using 13 tests is 91 per cent.
Since the difference between the correlation coeffi-
cients for D, and Dc is small, the difference in
discriminative effectiveness between these two
groups of tests is also small. .

The second line of evidence is that there is no
appreciable change in the discrepancy between
the computer diagnosis and the physician’s diag-
nosis when 13 tests are used instead of 4. There
was a 3.7 per cent discrepancy between D, and
the physician’s diagnosis, and 2.7 per cent dis-
crepancy between Dc and the physician’s diagno-
sis. We conclude that there is little to be gained
in doing more than these four tests on members
of a family in which one typical case of hereditary
spherocytosis has been found. These four tests
in order of their importance to the discriminant
D, are: 1) spherocyte score, 2) reticulocyte
count, 3) hemoglobin, 4) bilirubin. When the
fragility tests and indices are added to these four
simple hematologic tests there is a small improve-
ment in discrimination. Most of this improve-
ment can be accounted for by the mechanical fra-
gility test alone. (Autohemolysis was decreased
by addition of adenosine in all families studied.
Consequently we have not considered autohemoly-
sis with adenosine as a special test.)

Large-scale statistical evaluation of multiple
laboratory data in medicine is relatively new.
Zieve and Hill (26) in 1955 published an inten-
sive study using the discriminant function to
analyze the effectiveness of liver function tests
in the diagnosis of liver disease. In 1959 Shephard
and Turner (27) used the discriminant function
to test multiple pulmonary function tests in a small
group of patients with interstitial fibrosis. At
least two studies (28, 29) have been made using
both clinical and laboratory data to diagnose 20 or
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more hematologic diseases. One large study of
nearly 6,000 patients was made by Brodman, Van
Woerkom, Erdmann and Goldstein (30) in 1959
who used data from a symptom questionnaire as
a means of diagnosing 60 diseases.

When many diagnostic possibilities are pre-
sented to the computer, the efficiency of selection
is decreased.
workers (30) 48 per cent of computer diagnoses
were correct. In the work of Lipkin and co-
workers (29) 57 per cent of machine diagnoses
were correct. We chose a relatively simple prob-
lem to present to the computer: separation of
members of families with hereditary spherocytosis
into affected and normal classes by compressing
the variations within the two classes and thus
minimizing the overlap. The machine was 97 per
cent correct, with the physician’s diagnosis as a
standard, in carrying out this procedure.

Although we considerd the possibility that sta-
tistical analysis of multiple laboratory tests could
result in detection of mildly affected cases that
might be missed on inspection, we disagreed with
the complete discriminant scores in three doubt-
ful cases. Study of these three individuals gives
some clues to the cause of the disagreements.

A 74 year old man, 168202, was considered by the
physician to be affected on the basis of readily palpable
spleen and a suggestive elevation of the autohemolysis.
We feel that this conclusion is correct because subse-
quent study shows that a sister and a son have typical
hereditary spherocytosis.

A 56 year old woman, 172302, was considered to be
normal by the physician on the basis of normal bilirubin
and reticulocytes, although the spherocyte score was 2
and other laboratory data were equivocal. We think this
conclusion is correct because her medical history, genetic
history, and physical examination were negative. She
was the only normal spouse in the table of family mem-
bers and was included because her husband (172303), by
laboratory criteria, was unaffected; however, genetic
studies indicated plainly that he was the genetic carrier.
(This problem of unaffected carriers will be discussed
in greater detail in a subsequent paper.)

A 26 year old man, 182308, was considered to be
normal by the physician because the bilirubin and reticu-
locytes were normal. He was considered affected by
statistical discrimination on the basis of a spherocyte
score of 3. The physician’s diagnosis was made before
the statistical analysis was known. In restrospect, on
the basis of the importance now attached to a sphero-
cyte score of 3, the physician would have considered
this man to be affected.

In the study by Brodman and co-
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The physician’s judgment in the first case was
based partially on a palpable spleen, information
not used by the computer. In the second and
third cases the physician’s evaluation of the labora-
tory data, particularly the spherocyte score, dif-
ered from the computer analysis. We are not
certain which evaluation is correct.

Obviously the criteria chosen by the physician
and by the computer were not identical. Never-
theless there was good agreement between the
physician’s diagnosis and statistical evaluation by
the computer. This good agreement indicates that
the computer did not ascertain more mildly af-
fected cases than could be diagnosed by the phys-
ician. We would predict from this that our genetic
data would be similar to the data of other con-
temporary workers, assumed that sufficient labora-
tory values were available to them. This proved
true. .

We found an incidence of 0.51 == 0.042 with a
slight excess of males (0.56). The excess of af-
fected males is not significant (14) except when
pooled with the data of Young and colleagues
(10), Race (8), and Abrams and Battle (9).
The incidence of affected is higher than Race or
Young and colleagues found, but the difference
is not significant. Although criteria of ascertain-
ment in work previously cited differed from ours
or may not have been stated, we infer that the
judgment of the physicians was based on enough
data to draw conclusions similar to ours. We
conclude that this method of discriminating nor-
mal from affected family members does not sig-
nificantly increase the number of mildly affected
cases that are detected, since the genetic data
are statistically homogeneous with those of Race,
Young and colleagues, and Abrams and Battle.

This study provides us with a quantitative de-
termination of tests needed to diagnose family
members correctly. Ninety-seven per cent of the
cases was correctly classified by tests arbitrarily
chosen as the most generally available: the smear,
reticulocyte count, hemoglobin, and bilirubin.
This does not discredit the fragility tests, since
they contribute a significant amount of informa-
tion when used independent of other measure-
ments. But they have proved to be uneconomical
except in diagnosing the primary case in a family
and other isolated cases of hemolytic anemia.
The formula for the discriminant D, is considered
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to be applicable to other family studies of heredi-
tary spherocytosis, provided that controls are
used to determine distribution of discriminant
scores for normal subjects in other laboratories.
Data from this study can practicably be pooled
with data from Race (8), Young and co-workers
(10), and Abrams and Battle (9). With this
larger volume of data we are able to investigate
problems of fitness, incidence, and mutation that
are not yet solved for hereditary spherocytosis.

SUMMARY

We have studied 181 members of 26 families
with hereditary spherocytosis. Means and stand-
ard deviations for 12 tests have been calculated
for four groups: controls, normal family mem-
bers, affected family members with spleens intact,
and affected family members after splenectomy.

Correlations of tests individually indicated many
significant interrelationships.  Correlations of
groups of tests indicated that 4 tests (spherocyte
score, reticulocyte count, hemoglobin, and biliru-
bin) accounted for 88 per cent of the variability
between normal subjects and classical cases of
hereditary spherocytosis, whereas 13 tests ac-
counted for 91 per cent of the variability. Addi-
tion of mehanical fragility to the four tests men-
tioned accounted for 90 per cent of the variability
between the two classes.

Discriminant scores for 4 tests (D,) and 13
tests (Dc) were made for family members and
normal controls. When these were compared
with the physician’s evaluation, there was a 3.7 per
cent discrepancy between the physician and D,,
and a 2.7 per cent discrepancy between the physi-
cian and Dc.

Diagnosis of family members with hereditary
spherocytosis does not ordinarily require more
than four tests after the initial case has been
studied.

Genetic data from this study give a higher
incidence of affected than do other contemporary
investigations, but the difference is not statistically
significant.
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