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ABNORMALITIE S ASSOCIATED WITH HEMOGLOB IN C. 
A REVIEW 

The recognition o f more than one type of human hemoglobin 

and of the existence of abnormal forms has opened up a whole new 

field for investigation in the r apidly expanding specialty of hemato

logy. The knowledge gained in this investigation has been immedi

ately applicable in today's c linical and laboratory medicine and has 

in addition, given to us an in s ight into the pathogenesis of some of 

the congenital hemolyt ic dise a ses. Furthermore, this study has 

provided proof of the o ld, concept in medicine that a molecular 

abnormality in a single body p rotein may cause a sequence of events 

that characterizes a c o mplex disease. 

The purpose of thi s pape r is to present, in a simple form, the 

basic abnormality ass o ciated with these "abnormal hemoglobins," 

methods used to detect them, and conditions associated with the 

presence of one of the m , nam e ly hemoglobin C. 

All human hemoglobins consist of four hemes (Fe-protoporphy

rin) which are linked to the protein moiety globin. Globin is com

posed of polypeptide cha ins which are arranged in a specific fashion. 
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The complicated details of the folding or coiling of these chains are 

incompletely understood. T he essential differences of the various 

hemoglobins are loca ted in the protein moiety, since all have identi

cal hemes. 

Although differences in the physical and chemical properties 

of human adult and fe tal hemoglobin have been known for years (1), 

the recent discovery (2) of an electrophoretically abnormal hemo

globin in sickle cell disease provided the first positive evidence 

that adult human hemoglobin exists in more than one molecular 

form. 

It was in 1949 that Pauling and his associates (2) examined the 

phLysical and chemical prope rties of the hemoglobins of individuals 

with sicklemia and sickle cell anemia and compared them with hemo 

globin from normal individuals. They found significant differences 

in the mobilities in the Tise lius apparatus of hemoglobin from sickle 

cell anemia patients and normal patients . In the sicklemic patients 

a combination of the two types of hemoglobin was found, They as

cribed this difference in mobilities to the globin part of the hemo

globin molecule in that it had a different number or kind of ionizable 

groups. The exact nature of this difference has not been determined 

as yet. 
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In 1950, Itano and Neel (3) began a study of the inheritance of 

sickle cell anemia encounte r ed in two families in which one or more 

children had sickling erythrocytes and a hemolytic anemia of a mild 

er form than that usually see n in sickle cell anemia. Erythrocytes 

of only one parent in each of these families exhibited sickling, con

trary to the usual find ing of the sickle cell trait in both parents of 

a child with sickle cell anemia. The electrophoretic analysis of 

the hemoglobin of the non-sickling parent in each family revealed 

the presence of a new type o f hemoglobin, now called hemoglobin C. 

Following the publication of this work it was suspected by many 

workers that many previously reported cases of "atypical sickle 

cell anemia" and Mediterranean syndromes were in reality examples 

of Hb C conditions(3, 4, 5). 

Since that time s e veral other types of abnormal hemoglobin 

(as determined electrophoretically) have been described (6, 7, 8). 

Most of these have bee n found in only one family (or person), making 

their importance extre mely limited. However, the importance of 

the general subject of abnormal hemoglobins lead to a symposium 

on the subject in 1953 , sponsored by the Hematology Study Section 

of the Division of Res e arch Grants of the National Institutes of 

Health(9). During this symposium a system of nomenc'lature for 

the varieties of human hemoglobin was established. The five 
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varieties recognized at that t i me were designated as follows: 

1. Normal adult h emoglobin ... A. Previously called N or a. 

2. Normal fetal h emoglobin . .. F. Previously called f. 

3. Sickle ce 11 hemoglobin ... S. Previously called 1. 

4. Hemoglobin C . Previously called c, III. 

5. Hemoglobin D . Previously called d . 

New varieties as disc o vered were (and are) to be called by letters 

of the alphabet in o rder of di s covery unless there was s ome out

standing association which w o uld serve as a convenient mental 

association. 

It might be well to note at this time that fetal hem oglobin (HbF) 

is somewhat different than the other "abnormal hemoglobins 11 in 

that in certain instanc e s it is normal. That is, it is normally pre 

sent at birth, is usually pres e nt up to 6 months (10), and may be 

present normally up to the a ge of 2 years, according to Singer and 

his associates ( 11). F urthermore, this particular pigment is 

resistant to alkali denaturation, and since this property sets it 

apart from all other known h e moglobins, a simple method based 

on this reaction has b e en developed by Singer and his co-workers 

(11) for its quantitative determination. According to the same 

authors, values obtaine d by this method which exceed 2% of the 

total hemoglobin are c onside r ed abnormal after the age of 2 years . 
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The production of fe tal hemoglobin may continue from birth through - , 

out the life span of p a tients with certain hereditary anemias (12). Its 

production may be r~sumed in some acquired disorders (12). In 

addition to its resista nce to alkali denaturation, this hemoglobin 

can be demonstrated by electrophoretic studies as shown by several 

workers (12, 13 , 14) , althou gh its separation from Hb A is slight (1). 

As noted above, the orig inal discovery of these abnormal hemo 

globins was made with the u s e of theTiselius apparatus for electro

phoresis (2). Since then many tests for physical and chemical pro

perties of these hem o globin s have been run, including solubility 

studies, ultra-violet absorp t ion spectra, ultra-centrifugation, and 

alkali denaturation (15 ). Of all the studies done, the only one . which 

will reveal the specific abnormality is electrophoresis with the use 

of solubility studies for final differentiation in some cases. Notable 

of these cases is Hb F (11) a s discussed above, and Hb D which has 

the same mobility in electrophoretic studies as Hb S, but which 

differs greatly in its solubility (1, 6, 12). Of course, sickling 

studies will usually reveal th e presence of Hb S, but even this is 

not infallible (16). Hb C, w i th which we are mainly concerned in 

this paper, can be determine d only by electrophoretic studies (12, 

15). 
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The Tiselius apparatu s offers nearly exact separations and 

provides precise qua ntitativ e analysis of the hemoglobin solutions. 

But the high cost of the apparatus, need for skilled personnel, and 

the fact that but one sample can be analysed over a period of six to 

twenty hours, lead t o the search for a simpler method of electro

phoresis that could be applie d in general clinical use. In 1951, 

Kunkel and Tiselius ( 17) pre sented a method for filter paper 

electrophoresis which was applicable to hemoglobin separations. 

Since then various m e thods and modifications have been presented 

along with clinical r e sults ( 18, 19, 20, 21), but the most practical 

and applicable remain s that of Kunkel and Tise lius ( 17) or a mod -

ification of it as use d by Lar son (22) or Smith and Conley (23). 

With this method, a buffer solution at pH 8. 6 is used which results 

in Hb A having the fa s test mobility, then Hb F, Hb S, and Hb C in 

that order. As noted before , Hb S and Hb D have the same mobility. 

This is the reverse of the m obilities as seen in the Tise lius appar

atus, where a buffer a t pH 6 . 5 is used. This, of course, is due to 

the change of buffer pH to the acid side of the isoelectric points of 

the hemoglobin molec u les ins tead of the relatively basic buffer as 

used in the filter paper techni que (1). Motulsky (24) described a 

simple method of pape r electr ophoresis which allows accurate 

quantitation of various hemog lobin mixtures by inspection alone. 
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For more exact quan titative results he described technic s of elution 

and photoelectric sc a nning. (This technique can also be used for 

red cell life span de t erminations by serially following the disappear -

ance of a certain hemoglobin type transfused into a patient with a 

different hemoglobin variety .) 

As has been prev iously alluded to , the presence of these abnormal 

hemoglobins is determined by hereditary mechanisms , with the 

exception of Hb F. 

In 1949, Nee 1 (2 5 ) postul ated the genetics of sicklem ia and 

sickle cell anemia as heterozygosity and homozygosity re s pectively 

for the Hb S gene. Pauling ( 2), with his discovery of the molecular 

abnormality, agreed with th i s concept. Somewhat later Neel (26) 

made three hypothes e s to exp lain the various gradations between 

the "anemia" and "tra it" as follows: 1) That there are associated 

modifying genes which , although incapable alone of producing 

sickling, can in the p r esence of a sickle cell gene influence the 

production of the abno rmal hemoglobin. 2) Hb S associated with 

the thalassemia gene. 3) Hb S associated with other abnormal 

hemoglobins. Since th en all cases which have been adequately 

studied have confirm e d this genetic aspect (16). 

Following the d is c overy of Hb C, Kaplan, Zuelzer, and Neel (4) 

postulated a similar h ypothe s is. They stated that the presence of 
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Hb C is determined b y a sin gle gene which is transmitted as a 

simple, though incomplete, Mendelian dominant. In 1953 these 

same writers (27) presented further evidence in support of this 

hypothesis and also e videnc e that the gene was not sex linked. 

During that same ye a r Ranne y ( 15) published a case of a Negro 

woman with pure Hb C whos e husband had only Hb A. Each of their 

four children had Hb C and Hb A. This provided strong support 

for this hypothesis. The gen etic studies of Singer and his co-work

ers (28) and Schneid e r (29) w ere also in accord. The method of 

quantitative inheritan ce of Hb S and Hb C is at present poorly 

understood, but Singe r (30) n oted that "the expressivity of the gene 

for Hb C is frequently greate r than for Hb S." Thus, the presence 

of the abnormal gene for Hb S "enhances the activity" of the gene 

for Hb C when both a r e present, resulting in a larger percentage 

of Hb C than Hb S. They al s o stated that the genes for the abnormal 

hemoglobins and the genes for thalassemia are not allelomorphs; 

that is, the segregation of these genes takes place independently. 

Whether or not the genes for Hb Sand Hb C are allelomorphs has 

not yet been establish ed for c ertain {28), but Schneider {29) feels 

his work indicates tha t they a re not. 

The determining factor for the presence of Hb Fis not known. 

Singeri-s group {11) a d vanced the theory that "the resistant fraction 
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{Hb F) in the heredi tary he m olytic syndromes may represent a 

continual production of feta l pigment beyond the physiologic age 

limit and the appear a nc e of the abnormal hemoglobin (Hb F) in the 

acquired disorders m ay ind icate a reactivation of such a mechanism. 11 

However, this is no real exp lanation even at best. It may even be 

that the Hb F pre sent at bir th and that associated with various hem -

atologic disorders o f later life are not the same. This was alluded 

to by Singer, Cherno ff and S inger (31). But even this is not a final 

answer. 

Since the discove ry of Hb C four specific hematologic and clin 

ical entities have be e n de scribed in which it is as soc iated. They are 

as follows: 1) Hemoglobin C trait, 2) Sickle cell-hemoglobin C 

disease, 3}, Hemoglob in C-th alassemia disease, and 4 ) Pure hemo

globin C disease. Combinat ions of Hb C with other abnormal 

hemoglobins {exampl e Hb D ) are possible, but none have been 

reported as yet. 

With the exception of on e case report by Diggs (32), all reported 

cases of Hb C have been in Negros or in patients with some Negro 

blood. The incidenc e of hemoglobin C trait in American Negros 

was reported by Schneider (29) as 3. 0% and by Smith and Conley 

(23) as 2. 2%. There have been only scattered reports of the other 
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three conditions and no accurate statement of their occurrence can 

by made from the lite rature now available. 

Each of the four subtype s of Hb C disorders will be discussed . 

1. Hb C Trait. 

This anomaly is the heterozygous condition for Hb C and has 

the hemoglobin form u la of A-C. This condition according to Kaplan, 

Zuelzer, and Neel (4) is expressed as an asymptomatic carrier 

state. The only abno rmalities found are a high incidence of target 

cells and a correspondingly increased resistance to hypotonic saline. 

There is no evidence of hemolysis in the patient and no anemia . The 

survival times of erythrocytes transfused into normal recipients 

revealed normal res ults according to these same authors (33) and 

Motulsky (24). The amount of ~b C present in the hemolysates 

varied from 25 - 40% (3, 12, 24, 29) with no significant amounts of 

Hb F (12, 24). Repor t s of th i s condition by other workers (15, 23, 

27, 34) were consistent with the above description. 

2. Sickle Cell-Hb C Disease . 

It was in this disorde r that Itano and Neel (3) made the original 

discovery of Hb C. This anomaly is the heterozygous condition for 

both Hb C and Hb S and has th e hemoglobin formula of C-S or C-S-F 

(12); that is, Hb Fis inconstantly found in abnormal amounts (great

er than 2%). 
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Although the clin ical pic ture of this disease may be variable , 

most patients present a hemolytic syndrome intermediate between 

sickle cell trait and s ickle cell anemia (4, 15, 23). C oncerning 

this feature of the dis ease, i t is noteworthy to point out that many 

cases now known to b e sickle cell-Hb C disease were formerly 

diagnosed as "mild s ickle c e ll anemia 11 or 11 atypical sickle cell 

anemia" (3 , 5, 23). There i s usually a mild chronic anemia with 

symptoms directly r e ferable to the anemia, or a compensated hemo

lytic process (4 , 5, 2 3, 33). There are , of course, the associated 

findings of the hemoly tic process such as increased reticulocytosis, 

erythroid hyperplasia of the bone marrow, increased serum bili

rubin and fecal urob ilinogen, etc . Jaundice may or may not be 

present (4 , 23). The erythrocyte survival time in normal recipients 

is decreased greatly (4, 33) . The resistance to hypotonic saline is 

increased with no increase in mechanical fragility (28, 33). Mild 

hemolytic crises similar to those seen in classical sickle cell anemia 

were noted by several autho r s (15, 34, 35, 36). These occurred 

more frequently and w ere more severe with associated pregnancies 

(5, 23) , especially d u ring the last trimester. 

In nearly all case s of t? i s dis o rder a slowly progressive spleno

megaly was noted (4, 5 , 15, 23, 35) . Most cases in which there 

was no splenomegaly were in children (5, 23, 28, 34) . Singer and 
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his group (28) reported hepatomegaly with no splenomegaly in a 

Negro boy with this disease. Splenectomy done in one patient and 

reported by Ranney ( 15) did not correct the mild anemia. 

Only rarely will sickled cells be seen on the slide, but the cells 

will sickle rapidly and completely in sealed preparations with sodium 

bisulfite (33). The p e ripheral blood smear also reveals a marked 

increase in the numbe r of target cells present (12, 15, 23, 33 , 35). 

Concerning the periph eral b lood smear, it is worthw h ile to emphasize 

that the findings of a low MCV and MCH with a normal MC H C in 

this disease, as noted by Sin ger and his associates (28) as well as 

by Kaplan and his as s ociate s (33), do not, in these instances, suggest 

the expression of a th alassemia gene, 

Smith and Conle y (5) as well as Ranney and his group (15) no ted 

the frequent occurren ce of r adiologic evidence of aseptic bone 

necrosis. Ranney ( 15) also noted a high incidence of associated 

arthritis. In anothe r repor t by Smith and Conley (23) they noted 

gross unilateral hematuria in two of their six reported cases. 

In this condition the pe r centage of Hb C present in the hemo

lysates varies from 40-67% (3, 12, 24, 29). Most commonly it is 

50% of each Hb C and Hb S. Occasionally there is an associated 

abnormal amount of Hb Fal so present (12, 23). 

12 



Singer and Singe r (37) noted that the presence of Hb C w ith Hb S 

definitely decreased the quan tity of Hb S nece s sary for gel forma

tion to occur. Hb A a lso interacts the same way but to a lesser 

degree. These demonstrab le difference s in the "lowest gelling 

points of hemolysate s " of various types of sickling cells formed 

the basis of a diagno s tic ge ll ing test to differentiate sickle cell trait, 

sickle cell anemia , and sickl e cell-Hb C disease. 

3. Hb C-Thalassem ia Disea se. 

This Hb C disord er rep r esents a heterozygous condition for 

Hb C and the gene fo r thalassemia. The hemoglobin formula is 

C-A-F, for thalasse m ia, a lthough a disease involving the erythro

cytes, does not reve a l an "abnormal hemoglobin" that has so far 

been distinguished fr o m the normal Hb A (12). Only three cases 

of this disorder have been r e ported so far. 

In the latter par t of 1954 , Singer and his co-workers (28) pre:. 

sented a paper which de scrib ed a Negro family in which several 

members had either thalasse mia or Hb C t rait. In two members 

of this family the com bined occurrence of both anomalies was 

demonstrable. The c ondition manifested itself in these two as a 

microcytic erythroc y tosis. The erythrocytes revealed a low MCV 

and MCH, but a nor m al MCH C. About 45% of the red cells appeared 

as target cells in the periphe ral blood films. The amount of Hb C 
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in the hemolysates was about 75%, the rest composed of Hb A and 

in one case also a small amount of Hb F. This is analogous to the 

results of hemoglobin analy s is in sickle cell-thalassemia disease 

where 60-80% Hb S i s found. The hypothesis was advanced by these 

authors (28} that 11 the thalassemia gene enhances the expressivity 

of the gene for the pathologic pigment. 11 

These same authors (28} found during their work with the above 

de scribed family that a second component was seen in the electro

phoretic studies of the hemolysates of almost all the members of 

that family who did not reveal Hb C. This component had a mobil

ity faster than Hb A in the Tiselius apparatus and constituted 5. 2 to 

13. 5% of the total hemolysate s. This same component has also 

been reported by Itano I s group ( 38, 39} who-felt it represented Hb F. 

Singer (28} does not agree w i th this but offers no further suggestion. 

Further investigations are indicated, particularly in thalassemia 

syndromes. 

At the same time the above cases were reported, Zuelzer and 

Kaplan (40} reported a case of severe hypochromic, microcytic 

anemia in a Negro boy which they attributed to the interaction of the 

Hb C gene with the thalassemia gene. The boy's father had asympto

matic Hb C trait and h is mother had thalassemia minor as did several 

of his siblings. The patient's blood film exhibited extreme pleo-
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morphism with the coexista nce of hypochromic cells and deeply 

stained microcytes and many (up to 60%) target cells. There was 

no sickling . His hemoglobin level was 6. 1 gm. and all cell indices 

were low. There was no hep atosplenomegaly. Bone marrow was 

hyperplastic but there was only 3. 6% reticulocytosis. Total serum 

bilirubin was 0. 4 mg . o/o. R e d ce 11 survival times we.'re not done. 

The patient's hemoglobin con sisted of 71 % Hb A and 2 9% Hb C with 

only a trace of Hb F. The d iagnosis of thalassemia rests, of course, 

on essentially morphological grounds . 

There is little similarity between the two cases of Singer's and 

the one of Zuelzer and Kaplan's, but with only three cases reported 

no conclusions can be drawn at this time. These cases are pre-

sented only for comple teness. In all probability, both cases repre

sent true cases of Hb C -thala s semia disease. Perhaps the difference 

in the percentages of Hb C p r e sent in the hemolysate s will explain 

the differences in the symptoms and findings. 

4. Pure Hb C Disease . 

This Hb e disord e r re pre sen ts the homozygous condition of 

Hb C. The erythrocytes contain only Hb C. The disease is char-

acterized by a hemolyt ic process with or without anemia (15, 30, 34). 

Crosby and Ackeroyd (41) have pointed out that anemia may be absent 

in a hemolytic disorde r if the mean cell life (42, 43 , 44) exceeds 

15-20 days, and that in such instances the marrow compensates for 
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the increased rate of erythr ocyte disintegration by producing 6-8 

times the normal output of e rythrocytes. The hemolytic process 

reveals itself in th e u sual clinical laboratory findings. The anemia, 

when present, is us ually no r mochromic and normocytic or micro-

cytic in type (24, 30 , 45). 

All cases of pure Hb C d isease reported have had a conspicious 

number of target ce ll s in the film (15, 30, 35). In spite of the fact 

that disorders assoc iated w i th Hb C are frequently also associated 

with target cells, this shape anomaly is by no means characteristic 

for the presence of Hb C sinc e it is also a common finding, accord

ing to Crosby (46), in sickle cell anemia, thalassemia, liver disease, 

following hemorrhage or deh ydration, and after splenectomy. Also, 

since in Hb C diseas e all the erythrocytes contain only H b C, it is 

not clear why all the c ells a r e not target cells. Singer (30) sug

gested that the shape anomaly might be due to some factor located 

in the erythrocyte stroma, 

Another common feature of this disease is the splenomegaly 

(15, 24, 30, 34, 36, 4 5). T h e only reported case which did not 

reveal a splenomegaly was th at of Watson's (35). A splenectomy 

was performed on one of Singer's (30) patients but it did not amelior

ate the hemolytic process. In spite of the fact that a splenectomy 

will not, in all probability, r e lieve the hemolytic process, Singer ( 30) 
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feels such a procedure may b ecome indicated due to the large size 

that organ may attain or beca use of developing hypersplenism. 

No hemolytic cri s is as such have been reported, even during 

pregnancies (15), but there i s frequently transient arthritis and 

vague abdominal pains (15, 24, 30, 35, 36). 

No significant qua ntities of Hb F have been reported in this 

disease (12, 24, 30). 

Until late in 1954, all r e ported cases associated with Hb C were 

in Negros. At that time Digg s and his associates (32) reported a 

case of pure Hb C disease in a white male of Italian parentage. The 

clinical and hematolog ical features de scribed were similar to those 

described above. Thi s patient had had a splenectomy a year and a 

half before the diagnosis of Hb C disease had been made, because of 

an attack of acute abd ominal pain which he had had at that time. 

How does the pre sence o f this abnormal hemoglobin make the 

erythrocytes suscep tible to h emolysis? The pathologic physiology 

of these disorders is anothe r of the uns olved problems concerning 

the subject of ''abnorm al hemoglobins" (29, 30, 35, 40, 45). Watson 

(35) states that targe t cells a re mechanically fragil but presents no 

proof. Spaet (45) suggests that in spite of a normal mechanical 

fragility test in vitro , these cells may have a greater liability to 
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mechanical fragmen tation in vivo. The possibility that these cells 

have a different type of stroma has not been ruled out, but Schneider 

(29) is attempting to d o this by trying to produce antibodies against 

the abnormal erythrocytes. Singer and his associates (30) also 

noted that even in pur e Hb C disease there is a distinct heterogeneity 

of the red cell population which cannot be explained by the presence 

of the pathologic pigment alone . 

Review: 

Abnormal hemo globins differ from the normal hemoglobin 

molecule in that the former have a different number or kind of 

ionizable groups in th e glob in part of the molecule. The exact 

difference is not known as yet, but the abnormal hemoglobins can 

easily be determined by electrophoretic studies of the hemolysates. 

The presence of one of these abnormal pigments in the patient's 

erythrocytes either by itself or in combination with any other abnor

mal hemoglobin, lead s to a hem olytic disease. 

The presence of these abnormal hemoglobins is determined by 

genetic factors whic h are transmitted as Mendelian dominant genes. 

The abnormal Hb C is found in about 2% of American Negros. 

Four different subtypes of Hb C disease have been described. 

1.) Hb C trait. This disorder is present as an asymptomatic 
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carrier state. The only abnormality which is consistently 

found is the presence o f increased numbers of target cells. 

No evidence of hemolysis . 

2.) Sickle cell - Hb C disease. T his disorder is characterized 

by a hemolytic syndrome intermediate in severity between the 

sickle cell trait and sickle cell anemia. T here is a slowly 

progressive splenomegaly and there may be hem olytic crises. 

T he erythrocyte s will sickle in vitro. 

3.) Hb C-thalas semia d isease. This condition presents itself 

as a microcytic disQrder with or without anemia. The MCH 

and MCV are low and the MCHC is usually normal. There are 

numerous target cells, , No hepatosplenomegaly. 

4.) Pure Hb C d isease . Basically this disorder is character

ized by a hemolytic process with or without an anemia, a 

congestive splenomegaly, and numerous target cells. 

The pathogenesis of the disease produced by the presence of 

Hb C is not known. 

Summary: 

1. The basic concept and associated defect of abnormal hemo

globins are presented . 
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2. Methods of d etermining the presence of these abnormal 

hemoglobins are give n. 

3. The genetic s involve d in determining the presence of these 

abnormal pigments are explained inasmuch as they are known. 

4. A complete r eview of the literature concerning hemoglobin C 

is organized into the four subtypes of disorders associated with that 

abnormal pigment. 

5 . The pathogenesis of these diseases is alluded to, but it 

remains enigmatic. 

Conclusions: 

1. A differential hemoglobin analysis has become indispensable 

for the proper classification and differential diagnosis of a variety 

of hematologic disord ers. 

2. Electrophoretic stud ies of hemolysates are indicated: 

a. In most h emolyti c disorders whether an anemia is 

present or not. 

b. In cases where s ickling erythrocytes are present. 

c. In cases where s ignificant numbers of target cells are 

found. 

d .. In cases o f sple n omegaly from unknown cause. 

e. In selecte d gene t ic studies. 
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3. A molecular abnormality in a single protein may cause a 

sequence of events that characterizes a complex disease. 

4. Study of the pathologic pigments has created many problems 

concerning the bioche mical, pathophysiologic, and genetic features 

of the diseases in whic h they are found. Some of these problems 

have been solved, some are still controversial, and some remain 

ambiguous. 
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