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Vascular Dysregulation: A Principal Risk Factor for
Glaucomatous Damage?
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Both intraocular pressure (IOP) and vascular factors appear to play an important role
in the pathogenesis of glaucomatous optic neuropathy (GON). Arteriosclerosis and its
risk factors are of minor importance, whereas vasospastic syndrome clearly is associ-
ated with GON. A vascular endotheliopathy seems to be involved in the diathetic
hyperresponsiveness to stimuli, such as coldness or emotional stress. This in turn leads
to a compromised autoregulation, and thereby renders the eye more sensitive to IOP or
to a decrease in blood pressure. A variation in ocular perfusion may lead to an increase
in free oxygen radicals. This may finally lead to apoptosis.
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Several lines of evidence suggest that tissue ischemia
participates in the pathogenesis of glaucomatous optic
neuropathy (GON)." A number of methods of measuring
ocular” and optic nerve’ blood flow velocity have been
recently developed. Although each method carries its
own limitations,” their application in patients with glau-
coma has invariably indicated a disturbed circulation in a
proportion of these patients.”

On average, patients with glaucoma, especially those
with normal-tension glaucoma and patients with high-
tension glaucoma whose disease progresses despite nor-
malized intraocular pressure (IOP), have a slower blood
flow velocity in the retina,® in the choroid,” and in the
optic nerve head.'® Blood flow also is reduced in retro-
bulbar vessels,'" in large vessels such as the carotids,
and especially in the acral capillaries'® and precapillar-
ies.'* Patients with glaucoma also frequently have small
ischemic lesions in other organs, such as the brain,'” the
ear,'® and the heart."” Therefore, at least one component
of this vascular disturbance in glaucoma must be pri-
mary.’

This review deals with some physiologic, pathophysi-
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ologic, and pharmacologic aspects of ocular circulation
in glaucoma.

How Much Blood Flows Through an Organ?

Blood circulation in the body is under control of many
mutually interdependent regulatory systems, such as the
autonomic nervous system, circulating hormones, and
myogenic and metabolic autoregulation. Although some
regulatory mediators act directly on the vascular smooth
muscle or capillary mural cells, the vascular endothelial
cell layer is the major mediator for local control of vas-
cular resistance.'® Total body blood perfusion is equal to
cardiac output, and is mainly under the control of the
autonomic nervous system and circulating hormones.
The distribution of the total cardiac output between the
different organs of the body is regulated by the local
control of vascular resistance.

To highlight the role of cardiac output, blood pressure,
and local vascular resistance in the blood supply to a
given organ, we can formulate a few simplified and theo-
retical situations. Assume the following possible condi-
tions for any given patient:

1) Cardiac output decreases while vascular resistance
throughout the body remains constant. The conse-
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quence is a decrease in blood pressure and a linear
decrease in perfusion in all organs.

2) Local vascular resistance decreases in all organs by
an equivalent percentage while cardiac output re-
mains unchanged. The outcome here is a decrease in
blood pressure without any alteration in perfusion of
the individual organs.

3) A drug selectively reduces vascular resistance in only
one or a few organs, without affecting either the vas-
cular resistance in other organs or the cardiac output.
In this situation blood pressure decreases only
slightly, perfusion in the affected organs increases,
but perfusion in the rest of the body decreases
slightly.

The conclusion that can be drawn from these different
sets of conditions and consequences is that the blood
supply of a given organ depends not merely on blood
pressure, but rather on the cardiac output and vascular
resistance of a given organ in relation to the mean vas-
cular resistance of the rest of the body. Perfusion of a
given tissue depends on the relationship between perfu-
sion pressure and local resistance to flow. Accordingly,
an assessment of the hemodynamic influence of a drug
should not be based primarily on its influence on blood
pressure, but rather on a knowledge of its influence on
both cardiac output and especially on the vascular resis-
tance of a given organ in relation to the overall change in
vascular resistance in the body.

Regulation of Ocular Perfusion

In addition to the above-mentioned physiologic and
pharmacologic principles, some specific aspects of ocu-
lar perfusion (described in detail elsewhere'”) must be
considered. First, choroidal and retinal circulation are
anatomically separate and behave quite differently under
physiologic and pathophysiologic conditions.

Second, the optic nerve head (ONH) circulation dis-
plays characteristics common to other circulation sys-
tems, such as: 1) the brain circulation (e.g., the blood—
brain barrier and some aulore:gu]ation):20 2) the retinal
circulation (e.g., the lack of autonomic innervation of the
vessels and the blood drainage through the central retinal
vein); and 3) the choroidal circulation (e.g., the arterial
supply by the ciliary vessels*'** and some diffusion of
vasoactive hormones such as angiotensin II or endothe-
lin-1 from the choroid into the ONH, bypassing the
blood-brain barrier' ).

Third, perfusion pressure, defined as the difference
between arterial and venous pressure, depends on IOP.
The venous pressure in the orbit is approximately 8

A intact autoregulation

ONH-blood flow

'

disturbed autoregulation

perfusion pressure
(mBP - I0P)

FIG. 1. Within a certain range, an intact autoregulation is ca-
pable of maintaining constant blood flow despite some variations
in perfusion pressure. ONH, optic nerve head; mBP, mean blood
pressure; IOP, intraocular pressure.

mmHg (depending on body position). To remain dis-
tended, the pressure in the lumen of the vein must exceed
that of the surrounding tissue. In the eye, venous pressure
must be marginally higher than IOP.

What Could Cause Reduced Ocular Perfusion
in Glaucoma?

If blood flow in the retina and ONH is well regu-
lated,”*** how might these tissues become ischemic?
Theoretically, there are two possibilities: either the ca-
pacity of the regulatory mechanisms (autoregulation) is
exceeded, or the regulatory mechanisms are defective®
(Fig. 1).

The former condition occurs when IOP is markedly
increased or blood pressure markedly decreased. How-
ever, damage occurs in the vast majority of patients with
glaucoma despite only a mild decrease in or even normal
perfusion pressure. Therefore, it is reasonable to assume
that autoregulation itself is defective,***' which would
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FIG. 2. If vascular and hemodynamic conditions are normal, only
higher levels of intraccular pressure (IOP) may lead to glau-
comatous optic neuropathy (GON) and its progression. If, how-
ever, the optic nerve head lacks autoregulation, IOP within the
normal range may already be damaging.

explain why IOP plays some role even in normal-
pressure glaucoma’>~> (Fig. 2). Defective autoregula-
tion implies an inadequate response to a challenge, such
as a decrease in perfusion pressure or an increase in local
metabolic need. Theoretically, deficient responses to
such challenge might be due to a number of underlying
conditions, such as anatomic variance of the optic nerve
vasculature,?! arteriosclerosis, or vasospastic diathe-
sis.**37 It should be noted, however, that vasospasm can
occur in both diseased vessels and anatomically normal
vessels.

What is the Relationship Between Arteriosclerosis
and Glaucomatous Damage?

Arteriosclerosis occurs in the ocular circulation rela-
tively frequently.®® Quantification of arteriosclerosis in
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vivo, however, is difficult, and an unequivocal appraisal
of the relationship between arteriosclerosis and glau-
comatous damage still has not been completed. Experi-
mental studies indicate that arteriosclerosis might in-
crease sensitivity to IOP,*” and that some patients with
arteriosclerosis do have a sclerotic type of glaucoma.*’

However, there 1s scant evidence in the literature to
support the theory that arteriosclerosis is indeed a major
risk factor for glaucomatous damage (Table 1). Neither
risk factors for arteriosclerosis nor arteriosclerotic alter-
ations in the carotid vessels could be demonstrated to be
clearly related to the prevalence of GON.*'™* Levels of
fibrinogen, an indicator for arteriosclerosis, are not
higher in patients with glaucoma than in control sub-
jects.** Risk factors for arteriosclerosis, such as hyper-
lipidemia*® or smoking,*®*” are risk factors for cataract,
ocular arterial occlusions, venous occlusions, and age-
related maculopathy. Although smoking seems to be re-
lated to increased IOP,*****? its association with GON
or an increased sensitivity to IOP has not yet been dem-
onstrated. Hypercholesterolemia does influence vasore-
activity,”*" but its relationship to glaucomatous damage
in humans has not yet been established.**>* Increased
body mass index also is a risk factor for arteriosclerosis,
but patients with glaucoma tend to have a normal™ or
even low™ body mass index. In older textbooks diabetes
has been described as a major risk factor for glaucoma,
but it now seems to be a minor risk factor for GON,*® and
it is not yet clear whether patients with diabetes are more
sensitive to increases in IOP.%%7

Increased blood pressure, another risk factor for arte-
riosclerosis, slightly increases the risk of GON in elderly
patients, but may even be protective in younger individu-
als.>® Systemic hypotension, however, has long been de-
scribed as a major risk factor for GON.>* Tolerance to
elevated IOP has been reported to be decreased in pa-
tients with systemic hypotension,®*” and some authors
have reported lower blood pressure in patients with nor-

TABLE 1. Risk profile for arteriosclerosis and
glaucomatous optic neuropathy GON)

Risk factors Arteriosclerosis GON
Fibrinogen increase +e 1]
Hypercholesterolemia +++ &
Smoking -+ 1]
Diabetes +++ +
Systemic hypertension ++ (+)
Systemic hypotension %] +++
Body mass index

high + &

low ] -+
Sex

male - %)

female 1] F
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mal-tension glaucoma than in those with high-tension
elaucoma.®*"" Although arteriosclerosis tends to de-
velop earlier and more extensively in men than in
women, women have normal-pressure glaucoma more
often than men’ and exhibit more extensive glaucoma-
tous damage than men despite similar IOP.™

Taken together, these observations cannot exclude the
possibility of involvement of arteriosclerosis in the de-
velopment of GON. However, it is obvious that arterio-
sclerosis does not underlie the disturbed autoregulation
and decreased ocular perfusion in the majority of patients
with glaucoma. Other causes of GON, such as a primary
vascular dysregulation, therefore must exist.

What is the Role of Vasospastic Syndrome?

Vasospastic syndrome® is characterized by a consti-
tutional increased vascular response tu stlmulr such as
cold temperatures or emotional stress.’” The nature of
this disorder is not yet understood on a molecular level.
It mainly involves the arterioles of the peripheral circu-
lation in predisposed patients, but it also can occur in
other vascular beds such as the coronary arteries.”

We have described ocular involvement in some pa-
tients with these vasospastic (mostly nonglaucomatous)
symptoms, and introduced the term “presumed ocular
vasospastic syndrome.”’** We further demonstrated
presumed ocular vasospastic syndrome to be a risk factor
for anterior ischemic optic neuropathy,®! retinal venous
occlusion,™ central serous chorioretinopathy,® and es-
pecially for glaucoma.'>%*%5 Indeed, close to half of the
patients who exhibit GON despite normal IOP, and many
patients who exhibit glaucomatous damage at only
slightly elevated IOP, may have a vasospastic diathesis.’
The risk profile for GON is quite different from that of
some other eye diseases (Table 2).

The well described association between systemic hy-
potension and GON also should be considered within the
context of a vascular dysregulation. In patients with va-
sospastic diathesis there is an increased prevalence of
systemic hypotension. In patients with glaucoma, the

TABLE 2. Currently known associations between eve
diseases and arteriosclerosis and vascular dysregulation

Vascular

Arteriosclerosis dysregulation

Cataract ot %]
SMD e &
Retinal arteriolar occlusion ++H+ +
Retinal venous occlusion ++ +
Serous chorioretinopathy 1] ++
Glaucomatous optic neuropathy (+) +++
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FIG. 3. Endothelial dysfunction may lead to increased sensitivity
of the eye to increases in intraocular pressure (IOP) or decreases
in blood pressure.

sensitivity to endothelin, the plasma concentration of
which is higher in patients with glaucoma than in control
subjects,*®®" is inversely related to blood pressure.*®
This indicates that decreases in blood pressure not only
result in decreased perfusion pressure but also, in pre-
disposed patients, can result in increased local vascular
resistance.” This in turn might explain why some patients
with very low blood pressure but no vasospastic diathesis
do not exhibit GON, whereas patients with vasospastic
diathesis but only mild systemic hypotension do.'
Although we do not understand the basic underlying
disorder in patients with vasospastic diathesis, there are
some indications that it could be due at least in part to a
vascular endotheliopathy'® (Fig. 3). Patients with nor-
mal-pressure glaucoma exhibit impaired production of
cyclic guanine monophosphate (cGMP)* and a de-

@ ——— mechanical damage

Re—perfusion damage

Ischaemia——» Cell death

Endothehopathy

Genetlc predisposition

FIG. 4. Possible mechanisms whereby intraocular pressure and
endotheliopathy may lead to cell death in glaucoma.
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creased response to the endothelium-dependent vasodi-
lator acetylcholine.””

A final important issue concerns the reason why a
vasospastic disorder is more harmful than arteriosclero-
sis to the ONH. There are several possible explanations.
First, increased vascular resistance due to arteriosclerosis
in larger and mid-sized vessels may be compensated for
by reduced resistance in small arterioles and capillar-
ies.? Second, perfusion may vary more dramatically in
patients with vasospastic disorders and lead to reperfu-
sion damage®' (Fig. 4). Finally, the underlying endothe-
liopathy may have additional effects, such as a distur-
bance of the interaction between endothelial cells and
astrocytes.'?

Therapeutic Approaches

Theoretically, there are several strategies for the pre-
vention of GON: TOP reduction; blood pressure increase;
treatment of vascular dysregulation; and protection of
neural and glial cells from ischemic lesions or reperfu-
sion damage. Whereas reduction of IOP is clinically rou-
tine, the other approaches are still under investigation
(Fig. 5).

The benefit of an increase in blood pressure might
depend on how it is achieved. Blood pressure can be
stabilized in some patients by an increase of physical
activity and increased intake of salt and water.®” If this is
insufficient, patients can be treated with a low dosage of

A autoregulation
- - disturbed
— normal

GON progression

IOP

FIG. 5. Theoretically, three approaches should be considered for
treatment of patients with glaucoma who have defective auto-
regulation: 1) reduction of intraocular pressure (IOP); 2) normal-
ization of autoregulation; and 3) a combination of 1 and 2. GON,
glaucomatous optic neuropathy.
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fludrocortisone.”>“* Results from controlled studies have

yet to be obtained. Vascular dysregulation can be influ-
enced by a low dose of calcium channel blockers.”***
High dosages of calcium channel blockers, as are used to
treat systemic hypertension, can have severe side ef-
fects.”®®” These side effects, however, are observed
mostly in patients with arteriosclerosis and particularly
in patients with diabetes,”®? and are dose dependent.'”
Clinical experience’ and experimental studies'”' have
shown that very low dosages of calcium channel block-
ers, such as 5 mg nifedipine, can prevent vasospasm,
especially an endothelin-1-induced spasm.'*'™'** These
low dosages have no or only very little influence on
blood pressure. Because the typical patient with vaso-
spasm and glaucoma is relatively young and has neither
arteriosclerosis or diabetes, low doses of a calcium chan-
nel blocker is an appropriate therapy for selected cases
with severe vasospasm.

Observations that nifedipine and other calcium chan-
nel blockers improved visual fields in patients (most of
them without glaucoma) provided important indirect evi-
dence for the involvement of the eye in vasospastic syn-
drome in some patients.”®'”> However, whether patients
with glaucoma benefit from long-term treatment with
calcium channel blockers remains an open question.'®
Clinical experience indicates that the only patients who
benefit from such long-term treatment are those with
well established vasospasm”'%” in whom extensive sys-
temic hypotension has been excluded or treated.

Magnesium also is capable of resolving endothelin-1-
induced spasm,‘08 but its usefulness in patients with
glaucoma has not yet been proven.'” Endothelin block-
ers will soon become available for clinical use, and theo-
retically, we can expect some benefit from these drugs.
Dipyridamol also increases ocular perfusion both in
vitro''? and in vivo,'"" but again, it is not known whether
patients with glaucoma benefit from this treatment. For
treatment of severe spasm in children, a low dosage of
propranolol, a beta blocker with some calcium antago-
nistic effects, has been proposed.''? Collectively, the
drugs currently available for the therapy of GON are not
optimal, and the search for safe and more effective treat-
ments should continue.

Conclusion

Phenomenologically, GON is well characterized. Its
pathogenesis, however, is still poorly understood. Both
IOP and vascular factors appear to play an important
role. Surprisingly, arteriosclerosis and its risk factors are
of minor importance, whereas the so-called vasospastic
syndrome is clearly associated with GON. A vascular
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endotheliopathy seems to be involved in this diathetic
hyperresponsiveness to stimuli such as coldness or emo-
tional stress. This in turn could lead to compromised
autoregulation, and thereby render the eye more sensitive
to an increase in IOP or a decrease in blood pressure. It
is uncertain whether damage to the ONH and ganglion
cells is a consequence of ischemia, reperfusion injury, or
disturbed communication between endothelial and glial
cells.

REFERENCES

. Flammer J. The vascular concept of glaucoma. Surv Ophthalmol

1994;38:3-6.

. Harris A, Kagemann L, Cioffi GA. Assessment of human ocular

hemodynamics. Surv Ophthalmol 1998:42:509-533.

. Priinte CH, Flammer J. Markstein R, Rudin M, Quantification of

optic nerve blood flow changes using magnetic resonance imag-
ing. Invest Ophthalmol Vis Sci 1995;36:247-258.

. Hayreh SS. Evaluation of optic nerve head circulation: review of

the methods used. J Glawcoma 1997:6:319-330.

. Flammer J. To what extent are vascular factors involved in the

pathogenesis of glaucoma? In, Kaiser HJ, Flammer J, Hendrick-
son PH (eds.): Ocular Blood Flow. Basel: Karger, 1996:12-39.

. Wolf §, Arend O, Sponsel WE, Schulte K, Cantor LB, Reim M.

Retinal hemodynamics using scanning laser ophthalmoscopy and
hemorheology in chronic open-angle glaucoma. Ophthalmology
1993:100:1561-1566.

. Duijm HFA, Vandenberg TJITP, Greve EL. Choroidal hemody-

namics in glaucoma. Br J Ophthalmol 1997:81:735-742.

. Priinte CH, Flammer J. Choroidal angiography findings in pa-

tients with glaucoma-like visual field defects. In, Heijl A (ed.):
Perimetry Update 1988/1989. Amstelveen: Kugler & Ghedini,
1989;325-327.

. Ulrich CH, Helm W, Ulrich A, Barth TH, Ulrich WD. Stbrung

der peripapilliren Mikrozirkulation bei Glaukompatienten. Oph-
thalmologe 1993;90:45-50.

. Michelson G, Langhans MI, Groh MIM. Perfusion of the juxta-

papillary retina and the neuroretinal rim area in primary open
angle glaucoma. J Glaucoma 1996:5:91-98.

. Kaiser HI, Schétzau A, Stimpfig D, Flammer J. Blood-flow ve-

locities of the extraocular vessels in patients with high-tension
and normal-tension primary open-angle glaucoma. Am J Ophthal-
mol 1997:123:320-327.

. Nasemann JE, Carl TH, Spiegel D. Measurement of systemic and

ocular blood flow velocities in normal-tension glaucoma. In, Kai-
ser HJ, Flammer J, Hendrickson P (eds.): Ocular Blood Flow.
Basel: Karger, 1996:207-216.

. Gasser P, Flammer J. Blood-cell velocity in the nailfold capillar-

ies of patients with normal-tension or high-tension glaucoma and
of healthy controls. Am J Ophthalmol 1991;111:585-588.

. Drance SM. Douglas GR, Wijsman K, Schulzer M, Britton RJ.

Response of blood flow to warm and cold in normal and low-
tension glaucoma patients. Am J Ophthalmol 1988;105:35-39.

. Stroman GA, Stewart WC, Golnik KC, Cure JK, Olinger RE.

Magnetic resonance imaging in patients with low-tension glau-
coma. Arch Ophthalmol 1995;113:168-172.

. Susanna R, Basseto FL. Hemorrhage of the optic disc and neu-

rosensorial dysacousia. J Glaucoma 1992;1:248-253.

. Waldmann E, Gasser P, Dubler B, Huber CH, Flammer J. Silent

myocardial ischemia in glaucoma and cataract patients. Graefes
Arch Clin Exp Ophthalmol 1996;234:595-598.

. Liischer THF, Meyer P, Heafliger 10, Flammer J. Endothelial

mediators as regulators of the ophthalmic circulation. In, Drance

20.

21.

217

SM (ed.): Optic Nerve in Glaucoma. Amsterdam: Kugler Publi-
cations, 1995;259-281.

. Flammer J, Orgiil S. Optic nerve blood-flow abnormalities in

glaucoma. Progr Retinal Eye Res 1998:17:267-289.

Faraci FM, Heistadt DD. Regulation of the cerebral circulation:
role of endothelium and potassium channels. Physiol Rev 1998;
78:53-97.

Hayreh SS. The ophthalmic artery. III. Branches. Br J Ophthal-
mol 1962:46:212-247,

22. Orgiil 8, Cioffi GA. Embryology, anatomy, and histology of the

23.

24.

25.

optic nerve vasculature. J Glaucoma 1996;5:285-294.

Sossi N, Anderson DR. Blockage of axonal transport in optic
nerve induced by elevation of intraocular pressure: effect of ar-
terial hypotension induced by angiotensin-l. Arch Ophthalmol
1983:101:94-97.

Riva CE, Hero M, Titze P, Petrig B. Autoregulation of human
optic nerve head blood flow in response to acute changes in
ocular perfusion pressure. Graefes Arch Clin Exp Ophthalmol
1997:235:618-626.

Yao K, Tschudi M, Flammer J, Liischer TF. Endothelium-
dependent regulation of vascular tone of the porcine ophthalmic
artery. Invest Ophthalmol Vis Sci 1991;32:1791-1798.

26. Haefliger 10, Flammer J, Liischer TF. Nitric oxide and endothe-

lin-1 are important regulators of human ophthalmic artery. fnvest
Ophthalmol Vis Sci 1992;33:234(0-2343,

. Meyer P, Flammer J, Liischer TF. Local action of the renin an-

giotensin system in the porcine ophthalmic circulation: effects of
ACE-inhibitors and angiotensin receptor antagonists. Invest Oph-
thalmol Vis Sci 1995;36:555-562.

28. Zhu P, Bény JL, Flammer J, Liischer TF, Haefliger 10. Relax-

29,

30.

31,

32.

33.

34.

35.

36.

37.

38.

39.

ation by bradykinin in porcine ciliary artery: role of nitric oxide
and K* channels. fnvest Ophthalmeol Vis Sci 1997:;38:1761-1767.
Grunwald JE, Riva CE, Stone RA, Keates EU. Petrig BL. Retinal
autoregulation in open-angle glaucoma. Ophthalmelogy 1984;91:
1690-1694.

Ulrich A, Ulrich CH, Barth TH, Ulrich WD. Detection of dis-
turbed autoregulation of the peripapillary choroid in primary open
angle glaucoma. Ophthalmic Surg Lasers 1996;27:746-757.
Pillunat L, Lang GK, Harris A. The visual response to increased
ocular blood flow in normal pressure glaucoma. Surv Ophthalmol
1994:38(suppl): 139-148.

Cartwright MJ, Anderson DR. Correlation of asymmetric damage
with asymmetric intraocular pressure in normal-tension glaucoma
(low-tension glaucoma). Arch Ophthalmol 1988;106:898-900.
Critchon A, Drance SM, Douglas GR, Schulzer M. Unequal in-
traocular pressure and its relation to asymmetric visual-field-
defects in low-tension glaucoma. Ophthalmelogy 1989;96:1312—
1314,

Haefliger 10, Hitchings RA. Relationship between asymmetry of
visual-field-defects and intraocular pressure difference in an un-
treated normal (low) tension-glaucoma population. Acta Ophthal-
mol 1990:68:564-567.

Araie M, Sekine M, Suzuki Y, Koseki N. Factors contributing to
the progression of visual field damage in eyes with normal-
tension glaucoma. Ophthalmelogy 1994:101:1440-1444,

Saner H, Wiirbel H, Mahler F, Flammer J, Gasser P. Microvas-
culatory evaluation of vasospastic syndromes. Arch Exp Med Biol
1987;220:215-218.

Mabhler F, Saner H, Wiirbel H. Flammer J. Local cooling test for
clinical capillaroscopy in Raynaud’s phenomenon, unstable an-
gina, and vasospastic visual disorders. Z Gefésskrankh 1989:18:
201-204.

Biichi ER. The blood supply to the optic nerve head. In, Kaiser
HI, Flammer J, Hendrickson P (eds.): Ocular Blood Flow. Basel:
Karger, 1996;1-8.

Hayreh S8, Bill A, Sperber GO. Effects of high intraocular pres-
sure on the glucose metabolism in the retina and optic nerve in
old artherosclerotic monkeys. Graefes Arch Clin Exp Ophthalmol
1994;232:745-752.

J Glaucoma, Vol. 8, No. 3, 1999



218

40.

41.

43.

44.

46.

47.

48.

49,

56.

o7,

58.

34

60.

6l.

62.

63.

J. FLAMMER ET AL.

Geijssen HC. Studies on Normal Pressure Glaucoma. Amster-
dam: Kugler Publications, 1991,

Pillunat LE, Stodtmeister R. Inzidenz des Niederdruckglaukoms
bei himodynamisch relevanter Karotisstenose. Spektrum Augen-
heilkd 1988;2:24-27.

. Morgan RW, Drance SM. Chronic open-angle glancoma and ocu-

lar hypertension: an epidemiologic study. Br J Ophthalmol 1975,
59:211-215.

Schulzer M, Drance SM, Carter CJ, Brooks DE, Douglas GR, Lau
W. Biostatistical evidence for two distinct chronic open angle
glaucoma populations. Br J Ophthalmol 1990;74:196-200.
Carter CJ, Brooks DE, Doyle DL, Drance STM. Investigations
into a vascular etiology for low-tension glaucoma. Ophthalmol-
ogy 1990;97:49-55.

. Stewart WC, Sine C, Sutherland S, Stewart JA. Total cholesterol

and high-density lipoprotein levels as risk factors for increased
intraocular pressure. Am J Ophthalmol 1996:122:575-577.
Klein BE, Klein R, Linton KLP, Franke T. Cigarette smoking and
lens opacities: the Beaver Dam Eye Study. Am J Prev Med 1993
9:27-30.

Christen WG, Manson JE, Seddon JM. A prospective study of
cigarette smoking and risk of cataract in men. JAMA 1992;268:
989993,

Carel RS, Korczyn AD, Rock M, Goya I. Association between
ocular pressure and certain health parameters. Ophthalmology
1984:91:311-314.

Wilson MR, Hertzmark E, Walker AM, Childs-Shaw K, Epstein
DL. A case-control study of risk factors in open angle glaucoma.
Arch Ophthalmol 1987:105:1066-1071.

. Senn B, Orgiil S, Keller U, Dickermann A, Dubler B, Vavrecka

J, et al. Retrobulbar and peripheral capillary blood flow in hy-
percholesterolemic subjects. Am J Ophthalmol (in press).

. Zhu P, Dettmann ES, Resink THI, Liischer TF, Flammer J, Hae-

fliger I0. Ox-LDL affects endothelium-dependent response in pig
ciliary artery: prevention by an ET, antagonist. Invest Ophthal-
mol Vis Sci 1999:40:1015-1020.

. Klein BE, Klein R. Intraocular pressure and cardiovascular risk

variables. Arch Ophthalmol 1981:99:837-839.

. Gasser P, Stumpfig D, Schitzau A, Ackermann-Liebrich U,

Flammer J. Body mass index in glaucoma. J Glaucoma 1999;8:
8-11.

54. Leske MC, Conell AM, Wu SY, Hyman LG, Schachat AP, and

the Barbados Eye Study Group. Risk factors for open-angle glau-
coma: the Barbados Eye Study. Arch Ophthalmel 1995;13:918—
924.

. Mitchell P, Smith W, Chey T, Healey PR. Open-angle glaucoma

and diabetes: the Blue Mountains Eye Study, Australia. Ophthal-
mology 1997;104:712-718.

Jonas JB, Griindler AE. Prevalence of diabetes mellitus and ar-
terial hypertension in primary and secondary open-angle glauco-
mas. Graefes Arch Clin Exp Ophthalmol 1998:236:202-206.
Lepidi M, Martinelli L, Orgiil S. Ist Diabetes mellitus ein Risi-
kofaktor fiir die Glaukomentstehung? In, Priinte C, Flammer J
(eds.): Das Glaukom in der Praxis. Basel: Karger, 1997;53-58.
Tielsch IM, Katz J, Sommer A, Quigley HA, Javitt C. Hyperten-
sion, perfusion pressure, and primary open-angle glaucoma. Arch
Ophthalmol 1995;113:216-221.

Freyler H, Menapace R. Ist die Erblindung am Glaukom vermei-
dbar? Spektrum Augenheilkd 1988:2:121-127.

Frithauf A. Untersuchungen iiber den Einfluss des arteriellen
Blutdrucks auf den Verlauf des Glaucoma simplex. Disch Ge-
sundheitswesen 1971:26:273-275.

Sobanski J. Der Augendruck und sein Einfluss auf den Blutkrei-
slaut der Netzhaut. Graefes Arch Ophthalmol 1936;135:383-400.
Kaiser HJ, Flammer J. Graf TH, Stiimpfig D. Systemic blood
pressure in glaucoma patients. Graefes Arch Clin Exp Ophthal-
mol 1993:231:677-680.

Hayreh SS, Zimmerman BM, Podhajsky P, Alward WLM. Noc-

J Glaucoma, Vol. 8 No. 3, 1999

65.

66.

67.

68,

69.

70.

72.

73

74.

76.

il

78.

79.

80.

81.

82.

84,

85.

86.

87.

88.

turnal arterial hypotension and its role in optic nerve head and
ocular ischemic disorders. Am J Ophthalmol 1994;117:603-624.

. Gafner F, Goldmann H. Experimentelle Untersuchungen iiber den

Zusammenhang von Augendrucksteigerung und Gesichtsfeldsch-
adigung. Ophthalmologica 1955;130:357-377.

Harrington D. The pathogenesis of the glaucoma field. Am J
Ophthalmol 1959:47:177-185.

Heilmann K. Augendruck. Blutdruck und Glaukomschaden.
Biicherei des Augenarztes 1972:61:14-56.

Reese AB, McGavic JS. Relation of field contraction to blood
pressure in chronic primary glaucoma. Arch Ophthalmol 1942;
27:845-850.

Begg IS, Drance SM, Sweeney VP. Disc haemorrhage in glau-
coma. Can J Ophthalmol 1970;5:321-330.

Drance SM. Some factors in the production of low-tension glau-
coma. BrJ Ophthalmol 1972,56:229-242,

Drance SM, Sweeney VP, Morgan RW, Feldman F. Studies of
factors involved in the production of low-tension glaucoma. Arch
Ophthalmol 1973;89:457-465.

. Gramer E, Leydhecker W. Glaukom ohne Hochdruck: eine

klinische Studie. Klin Monatsbl Augenheilkd 1985:186:262-267.
Wenger NK, Speroff L, Packard B. Cardiovascular health and
disease in women. N Engl J Med 1993;329:247-256.

Orgiil S, Flammer J. Gasser P. Female preponderance in normal-
tension glaucoma. Ann Ophthalmol 1995;27:355-359.

Mitchell P, Smith W, Attebo K, Healey PR. Prevalence of open-
angle glaucoma in Australia: the Blue Mountains Eye Study.
Ophthalmology 1996:103:1661-1669.

. Miller D, Waters DD, Warnica W, Szlacchcic J, Kreeft I, Thér-

oux P. Is variant angina the coronary manifestation of a gener-
alized vasospastic disorder? N Engl J Med 1981:304:763-765.
Gasser P, Flammer J, Guthauser U, Niesel P, Mahler F, Linder
HR. Bedeutung des Vasospastischen Syndroms in der Augen-
heilkunde. Klin Monatsbl Augenheilkd 1986:188:398-399.
Gasser P, Flammer J. Influence of vasospasm on visual function.
Doc Ophthalmel 1987:66:3-18.

Guthauser U, Flammer J, Mahler F. The relationship between
digital and ocular vasospasm. Graefes Arch Clin Exp Ophthalmol
1988;226:224-226.

Flammer J, Priinte CH. Okulirer Vasospasmus, Teil I, Funk-
tionelle Durchblutungsstérungen im visuellen System, eine Ar-
beitshypothese. Klin Monatsbl Augenheilkd 1991;198:411-412.
Flammer J, Gasser P, Priinte CH, Yao K. The probable involve-
ment of factors other than ocular pressure in the pathogenesis of
glaucoma. In, Drance SM, Van Burskirk EM, Neufeld AH (eds.):
Pharmacology of Glaucoma. Baltimore: Williams and Wilkins,
1992;273-283.

Kaiser HI, Flammer J, Messerli J. Vasospasm: a risk factor for
nonarteric anterior ischemic optic neuropathy? Neurcophthalmol-
ogy 1996:16:5-10.

Messerli J, Flammer J. Zentralvenenthrombosen bei jiingeren Pa-
tienten. Klin Monatsbl Augenheilkd 1996:208:303-305.

. Priinte CH, Flammer J. Choroidal capillary and venous conges-

tion in central serous chorioretinopathy. Am J Ophthalmol 1996;
121:26-34.

Flammer J, Guthauser U, Mahler F. Do ocular vasospasms help
cause low-tension glaucoma? Doc Ophthalmol Proc Series 1987:
49:397-399.

Flammer J. Normaldruckglaukom. Fortschr Ophthalmol 1990;
8§7:187-189.

Kaiser HJ, Flammer J, Wenk M, Liischer TF. Endothelin-1
plasma levels in normal-tension glaucoma: abnormal response to
postural changes. Graefes Arch Clin Exp Ophthalmol 1995:233:
484-488.

Moriya S, Sugiyama T, Shimizu K, Hamada J, Tokuoka S,
Azuma I. Low-tension glaucoma and endothelin (ET-1). Folia
Ophthalmol Jpn 1992;43:554-559.

Gass A, Flammer J, Linder L, Romerio SC, Gasser P, Haefeli
WE. Inverse correlation between endothelin-1-induced peripheral



89,

90.

91.

92.

93.

94,

95.

96.

97.

98.

99,

100.

VASCULAR DYSREGULATION

microvascular vasoconstriction and blood pressure in glaucoma
patients. Graefes Arch Clin Exp Ophthalmol 1997,235:634-638.
O’Brien C, Butt Z, Hadoke P, Williams B. Evidence of vascular
endothelial dysfunction in normal pressure glaucoma (abstract
4614). Invest Ophthalmol Vis Sci 1998;39(suppl):999.

Henry E, O'Brien C, Newby D, Webb D. Peripheral vasoreactiv-
ity in normal pressure glaucoma (abstract 4615). Invest Ophthal-
mol Vis Sci 1998:39(suppl):999.

Schempp H, Elstner EF. Free radicals in the pathogenesis of
ocular diseases. In, Haefliger 10, Flammer I (eds.): Nitric Oxide
and Endothelin in the Pathogenesis of Glaucoma. Philadelphia:
Lippincott-Raven, 1998:112-135.

Flammer J. Therapeutic aspects of normal-tension glaucoma,
Curr Opin Ophthalmol 1993:4:58-64.

Pechere-Bertschi A, Nussberger J, Burnier M. L’hypotension
constitutionelle existe-t-elle? Ther Umsch 1999;56:49-54.
Flammer J, Guthauser U. Behandlung chorioidaler Vasospasmen
mit Kalziumantagonisten. Kiin Monaisbl Augenheilkd 1987:190:
299-300.

Gasser P, Flammer J. Short- and long-term effect of nifedipine on
the visual field in patients with presumed vasospasm. J Int Med
Res 1990;18:334-339.

Psaty BM, Heckbert SR, Koepsell TD, Sigovick DS, Raghu-
nathan TE, Weiss NS, et al. The risk of myocardial infarction
associated with antihypertensive drug therapies. JAMA 1995;274:
620-625.

Stelfox HT, Chua G, O'Rourke K, Detsky AS. Conflict of interest
in the debate over calcium channel antagonists. N Engl J Med
1998:338:101-106.

Alderman M, Madhavan S, Cohen H. Calcium antagonists and
cardiovascular events in patients with hypertension and diabetes.
Lancer 1998;351:216-217.

Estacio RO, Jeffers BW, Hiatt MR, Biggerstaff SL, Gifford N,
Schrier RW. The effect of nisolidipine as compared with enalapril
on cardiovascular outcomes in patients with non-insulin-
dependent diabetes and hypertension. N Engl J Med 1998:338:
645-652.

Furburg CD, Psaty BM, Meyer JV. Nifedipine: dose-related in-
crease in mortality in patients with coronary heart disease. Cir-
culation 1995:92:1326-1331.

101.

102,

103.

105.

106.

107.

108.

109.

110.

111,

112

219

Schmetterer L, Findl O, Strenn K, Jilma U, Eichler HG, Woltz M.
Effects of endothelin-1 (ET-1) on ocular hemodynamics. Curr
Eye Res 1997;16:687-692.

Meyer P, Flammer J, Liischer TF. Endothelium-dependent regu-
lation of the ophthalmic microcirculation in perfused porcine eye:
role of nitric oxide and endothelins. Invest Ophthalmol Vis Sci
1993;34:3614-3621.

Meyer P, Lang MG, Flammer J, Liischer TH. Effects of calcium
channel blockers on the response to endothelin-1, bradykinin and
sodium nitroprusside in porcine ciliary arteries. Exp Eye Res
1995:60:505-510.

. Lang MG, Zhu P, Meyer P, Noll G, Haefliger 10, Flammer J,

Liischer TF. Amlodipine and benazeprilat differently atfect the
responses to endothelin-1 and bradykinin in porcine ciliary arter-
ies: effects of low and high dose combination. Curr Eye Res
1997;16:208-213.

Gaspar AZ, Flammer J, Hendrickson PH. Influence of nifedipine
on the visual fields of patients with optic-nerve-head diseases.
Eur J Ophthalmel 1994;1:24-28.

Flammer J. Die Behandlung des Normaldruckglaukoms mit Kal-
ziumantagonisten. Search Glaucoma 1997;4:76-80,

Kitazawa Y, Shirai H, Go FJ. The effect of Ca2+-antagonist on
visual field in low-tension glaucoma. Graefes Arch Clin Exp
Ophthalmol 1989;227:408—412.

Dettmann ES, Liischer TF, Flammer J. Modulation of endothelin-
I-induced contractions by magnesium/calcium in porcine ciliary
arteries. Graefes Arch Clin Ophthalmol 1998;236:47-51.
Gaspar AZ, Gasser P, Flammer J. The influence of magnesium on
visual field and peripheral vasospasm in glaucoma. Ophthalmo-
logica 1995;209:11-13.

Meyer P, Hammer J, Liischer TF. Effect of dipyridamole on
vascular responses of porcine ciliary arteries, Curr Eve Res 1996;
15:387-393.

Kaiser HJ, Stiimpfig D, Flammer J. Short-term effect of dipyrid-
amole on blood flow velocities in the extraocular vessels. Int
Ophthalmol 1996;19:355-358.

Kaiser HI, Flammer J, Gasser P. Ocular vasospasm in children.
Neuroophthalmology 1993;13:263-267.

J Glaucoma, Vol. 8, No. 3, 1999



