
Âîïðîñû êëèíè÷åñêîé îôòàëüìîëîãèè

 Îôòàëüìîëîãè÷åñêèé æóðíàë ¹ 6, 2014 47

ÓÄÊ 617.736–007.281–073–084 

Ïðîãíîçèðîâàíèå ðàçâèòèÿ ôîâåîøèçèñà íà îñíîâå àíàëèçà ÎÊÒ-ñêàíîâ 
ñåò÷àòêè â îáëàñòè ìàêóëû ×àñòü ²I. Ïðîãíîçèðîâàíèå ðîñòà ìèêðîïîëîñòåé 
â ñåò÷àòêå ïðè ôîâåîøèçèñå 

Í. À. Óëüÿíîâà 1, êàíä. ìåä. íàóê, Ê. Ñ. Øàêóí 2, êàíä. ôèç.-ìàò. íàóê 

1 Îäåññêèé íàöèîíàëüíûé 
ìåäèöèíñêèé óíèâåðñèòåò; 
2 Îäåññêàÿ íàöèîíàëüíàÿ 
ìîðñêàÿ àêàäåìèÿ; Îäåññêèé 
íàöèîíàëüíûé óíèâåðñèòåò èì. 
È. È. Ìå÷íèêîâà; 
Îäåññà (Óêðàèíà) 

E-mail: ulyanova@ukr.net 

Âñòóï. Âàæëèâèì êë³í³÷íèì ïðîÿâîì ïðîãðåñóâàííÿ ôîâåîøèçèñó º çá³ëü-
øåííÿ ê³ëüêîñò³ òà ðîçì³ð³â ì³êðîïîðîæíèí â òîâù³ ñ³òê³âêè. Îäíàê íå 
³ñíóº äàíèõ ïðî çàêîíîì³ðíîñò³ çì³í ¿õ ôîðìè ³ ðîçì³ð³â ïðè ïðîãðåñóâàíí³ 
çàõâîðþâàííÿ. 
Ìåòà ðîáîòè: ðîçðîáèòè ê³ëüê³ñí³ êðèòåð³¿ ïðîãíîçóâàííÿ ðîçâèòêó ôîâå-
îøèçèñó ïðè âèñîê³é îñüîâ³é ì³îï³¿ íà îñíîâ³ ñåðåäíüî¿ êîíöåíòðàö³¿ ì³êðî-
ïîðîæíèí â îá’ºì³ ñ³òê³âêè, à òàêîæ íà îñíîâ³ ìåòîäó áàëàíñó åíåðã³¿ â 
ðàìêàõ ìîäåë³ íåë³í³éíîãî ïðóæíî-ïëàñòè÷íîãî ñåðåäîâèùà. 
Ìàòåð³àë ³ ìåòîäè. Îáñòåæåíî 7 õâîðèõ (14 î÷åé) ç âèñîêîþ îñüîâîþ ì³îï³-
ºþ ³ ì³îï³÷íîþ ìàêóëîïàò³ºþ. Âñ³ì õâîðèì ïðîâîäèëè ñïåêòðàëüíó îïòè÷íó 
êîãåðåíòíó òîìîãðàô³þ íà àïàðàò³ «Soct Copernicus Optopol». Çàñòîñîâàí³ 
ìàòåìàòè÷í³ ìåòîäè òåîð³¿ ðóéíóâàííÿ ïðóæíèõ òà ïðóæíî-ïëàñòè÷íèõ 
ìàòåð³àë³â. 
Ðåçóëüòàòè. Îòðèìàíî ê³ëüê³ñí³ êðèòåð³¿ ïðîãíîçóâàííÿ ðîçâèòêó ôîâåî-
øèçèñó ïðè âèñîê³é îñüîâ³é ì³îï³¿ íà îñíîâ³ ñåðåäíüî¿ êîíöåíòðàö³¿ ì³êðî-
ïîðîæíèí â îá’ºì³ ñ³òê³âêè, à òàêîæ íà îñíîâ³ ìåòîäó áàëàíñó åíåðã³¿ â 
ðàìêàõ ìîäåë³ íåë³í³éíîãî ïðóæíî-ïëàñòè÷íîãî ñåðåäîâèùà. Ïðàêòè÷íå 
âèêîðèñòàííÿ çíàéäåíèõ êðèòåð³¿â äëÿ ïðîãíîçó ïðîãðåñóâàííÿ ôîâåîøèçè-
ñó ïåðåäáà÷àº âèçíà÷åííÿ âíóòð³øíüîî÷íîãî òèñêó ³ ìàêñèìàëüíîãî ë³í³é-
íîãî ðîçì³ðó ìèêðîïîðîæíèíè â òîâù³ ñ³òê³âêè çà äàíèìè ñïåêòðàëüíî¿ 
îïòè÷íî¿ êîãåðåíòíî¿ òîìîãðàô³¿. 
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Introduction. Increasing the number and size of microcavities in the retina is an 
important clinical manifestation of foveoschisis progression. However, there are no 
data about the patterns change shape and size of microcavities in the retina in the 
foveoschisis progression. Purpose. To develop quantitative criteria for predicting 
foveoschisis development in high axial myopia based on the average concentration 
of microcavities in retinal volume and based on the energy balance in the frame-
work of nonlinear elastic-plastic medium. 
Material and methods. We examined 7 patients (14 eyes) with high axial myopia 
and myopic maculopathy. All patients underwent a spectral optical coherence to-
mography. Mathematical methods in the theory of destruction of elastic and elas-
tic-plastic materials were applied. 
Results. The quantitative criteria for predicting foveoschisis development in high 
axial myopia based on the average concentration of microcavities in retinal vol-
ume and based on the energy balance in the framework of nonlinear elastic-plastic 
medium was set. In the first case in the formula for calculating the risk of progres-
sion foveoschisis accounted size of the plastic stress at the edge of a void in the 
retina (l), the distance between the micro-cavities (l). If ll, then there is a 
merge of microcavities and progression foveoschisis. In the second case, the math-
ematical solution is reduced to the determination of destruction energy disclosure 
in a continuous medium. This takes into account the Poisson ratio of the retina, 
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Ââåäåíèå. Îäíèì èç èçìåíåíèé öåíòðàëüíîãî 
îòäåëà ñåò÷àòêè ïðè âûñîêîé îñåâîé ìèîïèè, äèà-
ãíîñòèêà êîòîðîãî ñòàëà âîçìîæíîé ñ ïîÿâëåíè-
åì ìåòîäà ÎÊÒ, ÿâëÿåòñÿ ôîâåîøèçèñ. Âûÿâëåíèå 
äàííîãî îñëîæíåíèÿ íà íà÷àëüíûõ ñòàäèÿõ åãî 
ðàçâèòèÿ èìååò îïðåäåëåííûå ñëîæíîñòè â ñâÿçè 
ñ îòñóòñòâèåì õàðàêòåðíîé îôòàëüìîñêîïè÷åñêîé 
êàðòèíû è îòñóòñòâèåì íàðóøåíèé öåíòðàëüíî-
ãî çðåíèÿ [1]. Äàëüíåéøåå ïðîãðåññèðîâàíèå ôî-
âåîøèçèñà ñîïðÿæåíî ñ ðàçâèòèåì âûðàæåííûõ 
ñòðóêòóðíûõ èçìåíåíèé ñåò÷àòêè â âèäå ðàçðûâîâ 
ìàêóëû è îòñëîéêè ôîâåàëû, êîòîðûå íåèçìåííî 
ïðèâîäÿò ê ñòîéêîìó ñíèæåíèþ îñòðîòû çðåíèÿ 
[2, 3]. 

Èñõîäÿ èç âûøåèçëîæåííîãî, àêòóàëåí ïîèñê 
íîâûõ îáúåêòèâíûõ êðèòåðèåâ ïðîãðåññèðîâàíèÿ 
ôîâåîøèçèñà, ÷òî ÿâëÿåòñÿ ïðèîðèòåòíûì â ïðå-
äèêòèâíîì íàïðàâëåíèè ñîâðåìåííîé îôòàëüìî-
ëîãèè. Âàæíûì êëèíè÷åñêèì ïðîÿâëåíèåì ïðî-
ãðåññèðîâàíèÿ ôîâåîøèçèñà ÿâëÿåòñÿ óâåëè÷åíèå 
êîëè÷åñòâà è ðàçìåðîâ ìèêðîïîëîñòåé â òîëùå ñåò-
÷àòêè. Îäíàêî îòâåòà íà âîïðîñ î êðèòè÷åñêîé êîí-
öåíòðàöèè ìèêðîïîëîñòåé â îáúåìå ñåò÷àòêè, ïðè 
êîòîðîé ôîâåîøèçèñ ïðîãðåññèðóåò, â íàñòîÿùåå 
âðåìÿ íåò. 

Öåëü ðàáîòû: ðàçðàáîòàòü êîëè÷åñòâåííûå êðè-
òåðèè ïðîãíîçèðîâàíèÿ ðàçâèòèÿ ôîâåîøèçèñà ïðè 
âûñîêîé îñåâîé ìèîïèè íà îñíîâå ñðåäíåé êîíöåí-
òðàöèè ìèêðîïîëîñòåé â îáúåìå ñåò÷àòêè, à òàêæå 
íà îñíîâå ìåòîäà áàëàíñà ýíåðãèè â ðàìêàõ ìîäåëè 
íåëèíåéíîé óïðóãîïëàñòè÷åñêîé ñðåäû. 

Ðåçóëüòàòû è èõ îáñóæäåíèå 

Â ïåðâîé ÷àñòè íàøåé ðàáîòû ìàòåìàòè÷åñêè 
îïèñàíû çàêîíîìåðíîñòè êîíöåíòðàöèè çíà÷è-

òåëüíûõ ìåõàíè÷åñêèõ íàïðÿæåíèé â ñåò÷àòêå ïðè 
ôîâåîøèçèñå [4]. Îáñóæäåíû ìåõàíèçìû âëèÿíèÿ 
ìèêðîïîëîñòåé ïðè ôîâåîøèçèñå íà óïðóãîïëà-
ñòè÷åñêèå ñâîéñòâà ñåò÷àòêè. Ïðîâåäåííûé àíàëèç 
äàåò âîçìîæíîñòü ïðîâåñòè ó÷åò ïëàñòè÷åñêèõ ýô-
ôåêòîâ âîêðóã ìèêðîïîðû, ÷òî ïîçâîëèò ñôîðìóëè-
ðîâàòü êîëè÷åñòâåííûå êðèòåðèè ðîñòà ìèêðîïîëî-
ñòåé ïðè ôîâåîøèçèñå. Èòàê, ìèêðîïîðà íàõîäèòñÿ 
â ðàâíîâåñèè (íå ðàñøèðÿåòñÿ), åñëè îáëàñòü ïëà-
ñòè÷åñêèõ íàïðÿæåíèé âáëèçè åå êîíöà îêðóæåíà 
çíà÷èòåëüíûì îáúåìîì óïðóãîé íåíàïðÿæåííîé 
ñðåäû. Â ýòîì ñëó÷àå ñèëû óïðóãîñòè îêðóæàþùåé 
òêàíè áóäóò ïîëíîñòüþ èëè ÷àñòè÷íî ïðåïÿòñòâî-
âàòü ðàñïðîñòðàíåíèþ íåîáðàòèìûõ äåôîðìàöèé, 
÷òî êëèíè÷åñêè ïðîÿâëÿåòñÿ îòñóòñòâèåì ïðîãðåñ-
ñèðîâàíèÿ ôîâåîøèçèñà. 

Îáîçíà÷èì õàðàêòåðíûé ëèíåéíûé ðàçìåð îá-
ëàñòè ïëàñòè÷åñêèõ íàïðÿæåíèé ñèìâîëîì l  
(ðèñ. 1), òîãäà åñëè ñðåäíåå ðàññòîÿíèå ìåæäó ïî-
ðàìè l  óäîâëåòâîðÿåò ñîîòíîøåíèþ 2l l   , òî 
ïðîèñõîäèò ñîïðèêîñíîâåíèå èëè ïåðåêðûòèå îá-
ëàñòåé ïëàñòè÷åñêèõ äåôîðìàöèé. 

Î÷åâèäíî, ÷òî ïðè ïîäîáíûõ ðàññòîÿíèÿõ îáú-
åìíûå ñèëû óïðóãîñòè óæå íå ìîãóò êîìïåíñèðî-
âàòü ïëàñòè÷åñêóþ äåôîðìàöèþ, ÷òî ïðèâåäåò ê 
êîíãëîìåðàöèè áëèçëåæàùèõ ìèêðîïîð è, ñëåäî-
âàòåëüíî áûñòðîìó ðîñòó ëèíåéíûõ ðàçìåðîâ ïîëî-
ñòè, òî åñòü ïðîãðåññèðîâàíèþ ôîâåîøèçèñà. 

Â òàêîé ïîñòàíîâêå âîïðîñà çàäà÷à îá îïðåäåëå-
íèè êðèòè÷åñêîé êîíöåíòðàöèè ìèêðîïîëîñòåé â 
òîëùå ñåò÷àòêè, ïðè êîòîðîé ïðîèñõîäèò èõ ñëèÿ-
íèå, ñâîäèòñÿ ê îöåíêå õàðàêòåðíûõ ëèíåéíûõ ðàç-
ìåðîâ îáëàñòè ïëàñòè÷åñêèõ íàïðÿæåíèé âáëèçè 
êîíöà ìèêðîïîðû è ñðàâíåíèþ èõ ñ ðàññòîÿíèåì 
ìåæäó ïîëîñòÿìè ( l ) (ðèñ. 2). 

Key words: foveoschisis, retina, 
mathematical model, spectral optical 
coherence tomography. 

the Young’s modulus, the intraocular pressure, the size of a void in the retina, the 
stress intensity factor in the thickness of the retina. Practical use of the criteria 
found to predict foveoschisis progression involves determining intraocular pressure 
and the maximum linear dimension of a void in the thickness of the retina accord-
ing to the spectral optical coherence tomography. In the calculations, take into 
account the biophysical properties of the retina. 

 

Ðèñ. 1. Ñõåìà âçàèìîðàñïîëîæåíèÿ ìèêðîïîëîñòåé (mp) â òîëùå ñåò÷àòêè è îáëàñòåé ïëàñòè÷åñêèõ íàïðÿæåíèé (õàðàêòåð-
íîãî ëèíåéíîãî ðàçìåðà l ) â ïðåäåëàõ êîòîðûõ çàòóõàþò ñèëû, âûçâàííûå ïîÿâëåíèåì ìèêðîïîëîñòè ïðè ôîâåîøèçèñå. 
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Çàâèñèìîñòè ìåõàíè÷åñêèõ íàïðÿæåíèé âáëèçè 
ìèêðîïîðû ïðè õ>l (ãäå õ – ýòî êîîðäèíàòà âäîëü 
áîëüøîé ïîëóîñè ìèêðîïîëîñòè, l – ýòî äëèíà 
áîëüøåé ïîëóîñè) äëÿ ðàçëè÷íûõ òèïîâ íàãðóæå-
íèÿ èçó÷àëèñü â ðÿäå ðàáîò [5, 6, 7]. Íà ðèñ. 3 ïðè-
âåäåíà ïðèíöèïèàëüíàÿ çàâèñèìîñòü ìåõàíè÷åñêèõ 
íàïðÿæåíèé (õ), âîçíèêàþùèõ â òîëùå ñåò÷àòêè 
[8], îò ðàññòîÿíèÿ îò êðàÿ ïîðû. 

Èç óñëîâèÿ ðàâíîâåñèÿ (ìèêðîïîðà íå ðàñøèðÿ-
åòñÿ), ïîëó÷åííîãî â ðàáîòàõ [8, 9], ìîæíî çàïèñàòü:
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Çäåñü Ê
²
 — êîýôôèöèåíò èíòåíñèâíîñòè íà-

ïðÿæåíèé íà ðàçðûâ [9], ÿâëÿþùèéñÿ ìåðîé ñèí-
ãóëÿðíîñòè íàïðÿæåíèé âáëèçè ãðàíèöû ïîðû. 
Êîýôôèöèåíò èíòåíñèâíîñòè çàâèñèò êàê îò òèïà 
íàãðóæåíèÿ, òàê è îò ãåîìåòðèè ìèêðîïîëîñòè. 

Â òî÷êå ïåðåñå÷åíèÿ çàâèñèìîñòåé (õ), íà ðèñ. 
3 î÷åâèäíî äîëæíî âûïîëíÿòüñÿ ðàâåíñòâî 
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Âûðàæàÿ èç ïîñëåäíåãî âûðàæåíèÿ ðàññòîÿíèå 
îò êðàÿ ïîðû è ïîäñòàâëÿÿ åãî â (1), ïîëó÷èì, ÷òî 
l

1
 = l

2
. Òîãäà ñîãëàñíî îïðåäåëåíèþ l è èç (2) ñëå-

äóåò, ÷òî õàðàêòåðíûé ðàçìåð îáëàñòè ïëàñòè÷åñêèõ 
íàïðÿæåíèé, îáóñëîâëåííûé íàïðÿæåíèÿìè íà 
ðàçðûâ (ïåðâûì òèïîì íàïðÿæåíèé [8]), îïðåäåëÿ-
åòñÿ âûðàæåíèåì
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Ïðèìåíèòåëüíî ê ôîâåîøèçèñó íàïðÿæåíèå íà 
ðàçðûâ ïîÿâëÿåòñÿ, íàïðèìåð, ïðè ôîðìèðîâàíèè 
òðàêöèé. Ñëåäóåò îòìåòèòü, ÷òî ìèêðîïîëîñòè ìî-
ãóò îáðàçîâûâàòüñÿ íå òîëüêî â ðåçóëüòàòå íàïðÿæå-
íèé íà ðàçðûâ, íî è â õîäå äåôîðìàöèé, âûçâàííûõ 
èíûìè âèäàìè íàïðÿæåíèé, íàïðèìåð, ñäâèãîâû-
ìè, îïèñûâàåìûìè óðàâíåíèåì 4 [9]. Ñäâèãîâûå 
íàïðÿæåíèÿ ìîãóò ïîÿâëÿòüñÿ ïðè óâåëè÷åíèè 
ïåðåäíå-çàäíåãî ðàçìåðà ãëàçà, ôîðìèðîâàíèè ìè-
îïè÷åñêîé ñòàôèëîìû.
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Â ôîðìóëå (4) Ê
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— êîýôôèöèåíò èíòåíñèâíî-
ñòè ñäâèãîâûõ íàïðÿæåíèé. 

Âíåøíèå ñèëû, ïðèâîäÿùèå ê îáðàçîâàíèþ ïî-
ëîñòè, ñîâñåì íå îáÿçàòåëüíî áóäóò íàïðàâëåíû 
ñòðîãî ïåðïåíäèêóëÿðíî ïðîôèëþ ìèêðîïîðû. 
Íàïðàâëåíèå ýòèõ ñèë îïðåäåëÿåòñÿ âíåøíèìè 
óñëîâèÿìè è, ñëåäîâàòåëüíî, óãîë ìåæäó âåêòîðîì 
ñèëû è ïðîôèëåì ïîðû ìîæåò áûòü ïðîèçâîëüíûì. 
Â ýòîì ñëó÷àå ñèëà èìååò íåíóëåâûå ïðîåêöèè êàê 
íà ïåðïåíäèêóëÿðíîå ïðîôèëþ ïîðû íàïðàâëåíèå 

 

Ðèñ. 2. Îöåíêà ëèíåéíûõ ðàçìåðîâ îáëàñòè ïëàñòè÷åñêèõ íàïðÿæåíèé. À) ñêàíîãðàììà ìàêóëÿðíîé îáëàñòè ñåò÷àòêè ïàöè-
åíòà Ê., 51 ã., ìèîïèÿ (-10,5D), ïåðåäíå-çàäíèé ðàçìåð ãëàçà 27,8 ìì. Ìèîïè÷åñêèé ïðîôèëü çàäíåãî ïîëþñà ãëàçà, î÷àãî-
âàÿ àòðîôèÿ ïèãìåíòíîãî ýïèòåëèÿ ñåò÷àòêè. Íà÷àëüíûå ïðîÿâëåíèÿ ôîâåîøèçèñà; Á) âûäåëåíèå ìèêðîïîëîñòåé â òîëùå 
ñåò÷àòêè; Â) ðàñ÷åò ñðåäíåãî ðàññòîÿíèÿ ìåæäó ìèêðîïîëîñòÿìè. 

 

Ðèñ. 3. Çàâèñèìîñòü ìåõàíè÷åñêèõ íàïðÿæåíèé (õ), îò 
ðàññòîÿíèÿ îò êðàÿ ïîðû. Çäåñü l

1
 – ýòî ðàññòîÿíèå îò êðàÿ 

ïîðû äî òî÷êè ïåðåñå÷åíèÿ çàâèñèìîñòåé ñîîòâåòñòâóþ-
ùèõ íàãðóçêàì ïëàñòè÷åñêîé äåôîðìàöèè è òàêîâûì â èäå-
àëüíî óïðóãîì òåëå; l

2
 – ðàññòîÿíèå îò óïîìÿíóòîé òî÷êè 

ïåðåñå÷åíèÿ äî âûõîäà íà óïðóãèé ðåæèì çàòóõàíèÿ; 
Ò 

— 
ïðåäåë òåêó÷åñòè ñåò÷àòêè; õ — êîîðäèíàòà âäîëü áîëüøîé 
ïîëóîñè ìèêðîïîëîñòè. Ñïëîøíàÿ ëèíèÿ — ôèçè÷åñêè ðå-
àëüíàÿ êàðòèíà çàâèñèìîñòè (õ), ïóíêòèðíàÿ ëèíèÿ – çàâè-
ñèìîñòü (õ), â èäåàëüíî óïðóãîé ñðåäå. 
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(îáóñëîâëèâàåò íàïðÿæåíèå íà ðàçðûâ), òàê è íà 
ïàðàëëåëüíîå íàïðàâëåíèå ïðîôèëþ ïîðû (îáó-
ñëîâëèâàåò ñäâèãîâûå íàïðÿæåíèÿ). Äëÿ ïîëó÷åíèÿ 
ðåçóëüòèðóþùåé ìåðû äåôîðìàöèè ìû ñóììèðó-
åì äåôîðìàöèè, îáóñëîâëåííûå ðàçðûâíûìè (3) è 
ñäâèãîâûìè (4) íàïðÿæåíèÿìè, è ïîëó÷àåì ðàçìåð 
îáëàñòè ïëàñòè÷åñêèõ íàïðÿæåíèé, îáóñëîâëåííûõ 
ðàçðûâíûìè è ñäâèãîâûìè íàãðóæåíèÿìè, ó êðàåâ 
ìèêðîïîëîñòè â òîëùå ñåò÷àòêè (âûðàæåíèå 5).

 2 2 4 4
2
ò

1 1

9p ñä I IIIl l l K K      


. (5)

Òàêèì îáðàçîì, ïðîâåäåííûå íàìè ðàñ÷åòû ïî-
çâîëÿþò îïðåäåëèòü ðàçìåð îáëàñòè ïëàñòè÷åñêèõ 
íàïðÿæåíèé ó êðàÿ ïîðû, ÷òî ñîçäàåò ïðåäïîñûëêè 
äëÿ ðàçðàáîòêè ìåòîäîâ ïðîãíîçèðîâàíèÿ ïðîãðåñ-
ñèðîâàíèÿ ôîâåîøèçèñà. 

Â âûøåïðèâåäåííûõ âûêëàäêàõ ïðèñóòñòâóþò 
êîýôôèöèåíòû èíòåíñèâíîñòè íàïðÿæåíèé, êîòî-
ðûå ìîæíî îöåíèòü èç ñëåäóþùèõ âûðàæåíèé [4, 5]: 

 
 2

1 / h 0.33 / h

2 1 / h
I

l ll
K P

l

 



, (6)

 
2III

l
K P


 , (7)

ãäå Ð — âíóòðèãëàçíîå äàâëåíèå ïàöèåíòà. Âíóòðè-
ãëàçíîå äàâëåíèå â ñèëó çàêîíà Ïàñêàëÿ ðàñïðî-
ñòðàíÿåòñÿ îäèíàêîâî âî âñå òî÷êè ãëàçíîãî äíà 
è îíî ÿâëÿåòñÿ ãëàâíûì ñòàöèîíàðíûì ôàêòîðîì 
ðîñòà ìèêðîïîðû. Íå âäàâàÿñü â ìàòåìàòè÷åñêèå 
ïîäðîáíîñòè, àêöåíòèðóåì âíèìàíèå íà âîçìîæ-
íîñòè ââåäåíèÿ â ðàñ÷åò ðèñêà ïðîãðåññèðîâàíèÿ 
ôîâåîøèçèñà ãèäðîäèíàìè÷åñêèõ ïîêàçàòåëåé 
ãëàçà. Íàì ýòî ïðåäñòàâëÿåòñÿ òåì áîëåå âàæíûì, 
÷òî ñîãëàñíî îäíîé èç ñóùåñòâóþùèõ òåîðèé áëè-
çîðóêîñòè, âíóòðèãëàçíîå äàâëåíèå ðàññìàòðèâà-
åòñÿ êàê îäèí èç ôàêòîðîâ, èçìåíÿþùèõ ãèäðî-
äèíàìèêó ãëàçà è âëèÿþùèõ íà ïðîãðåññèðîâàíèå 
çàáîëåâàíèÿ. 

Òàêèì îáðàçîì, ïîëó÷èâ çíà÷åíèå ðàçìåðîâ 
îáëàñòè ïëàñòè÷åñêèõ íàïðÿæåíèé, èìåÿ ðàçìåð 
ìèêðîïîðû â òîëùå ñåò÷àòêè, îïðåäåëåííûé ïðè 
îïòè÷åñêîé êîãåðåíòíîé òîìîãðàôèè, èñïîëüçóÿ 
óðàâíåíèå (8), ìîæíî îïðåäåëèòü ðèñê êîíãëîìåðà-
öèè ïîëîñòåé â ñåò÷àòêå, ò.å. îöåíèòü ïðîãðåññèðî-
âàíèå ôîâåîøèçèñà. Åñëè âûïîëíÿåòñÿ óñëîâèå (8), 
òî ïðîèñõîäèò ïåðåêðûòèå îáëàñòåé ïëàñòè÷åñêèõ 
íàïðÿæåíèé è ñëèÿíèå ïîð íåèçáåæíî.

 / 1l l   , (8)

Ïðè ïðèáëèæåíèè ê óñëîâèþ (8) ïðîèñõîäèò 
êðèòè÷åñêîå ñáëèæåíèå îáëàñòåé ïëàñòè÷åñêîé äå-
ôîðìàöèè è ïðîöåññû ðàçðóøåíèÿ âáëèçè ïîâåðõ-
íîñòè ìèêðîïîð óæå íå áóäóò êîìïåíñèðîâàòüñÿ 
îáúåìíûìè ýôôåêòàìè óïðóãîñòè ñî ñòîðîíû íå-
ïîðàæåííîé ñåò÷àòêè, ÷òî ïðèâåäåò ê êîíãëîìåðà-

öèè ìèêðîïîð è âîçìîæíîìó îáðàçîâàíèþ ìàêðî-
ñêîïè÷åñêîãî ðàçðûâà. 

Ñëåäóåò îòìåòèòü, ÷òî âîïðîñ î ïðàêòè÷åñêîì 
èñïîëüçîâàíèè ðàçðàáîòàííîãî êðèòåðèÿ ðîñòà ìè-
êðîïîðû òðåáóåò ïîëó÷åíèÿ äîñòîâåðíûõ äàííûõ 
î âåëè÷èíå ïàðàìåòðà ïðåäåëà òåêó÷åñòè ñåò÷àòêè 
÷åëîâåêà 

Ò
, ÷òî òðåáóåò äîïîëíèòåëüíûõ èññëåäî-

âàíèé. 
Êðèòåðèé ðîñòà ìèêðîïîëîñòåé â ñåò÷àòêå íà 

îñíîâå ìåòîäà áàëàíñà ýíåðãèè. 
Ó÷èòûâàÿ ñëîæíîñòè ïðàêòè÷åñêîãî ïðèìåíå-

íèÿ êðèòåðèÿ (8), âîçìîæíî, äëÿ ðåøåíèÿ êîí-
êðåòíûõ ïðàêòè÷åñêèõ çàäà÷ áîëåå óäîáíîé áóäåò 
âûðàáîòêà óíèâåðñàëüíîãî êðèòåðèÿ ðàâíîâåñíî-
ñòè ìèêðîïîðû (óñëîâèé, ïðè êîòîðûõ ìèêðîïîðà 
íå ðàñòåò), èñõîäÿ èç çàêîíà ñîõðàíåíèÿ ýíåðãèè. 
Â òåîðèè ðàçðóøåíèÿ ìàòåðèàëîâ ïîäîáíûé ïîäõîä 
ðàçâèâàëñÿ Ãðèôôèòñîì [10] è âïîñëåäñòâèè áûë 
óñîâåðøåíñòâîâàí Èðâèíîì [11]. 

Îòïðàâíóþ èäåþ ìîæíî ñôîðìóëèðîâàòü ñëåäó-
þùèì îáðàçîì: óäåëüíàÿ (íà åäèíèöó ïëîùàäè îá-
ðàçóþùèõñÿ ïîâåðõíîñòåé ïóòåì îáðàçîâàíèÿ â íåé 
ìèêðîïîð) ðàáîòà ðàçðûâà òêàíè ÿâëÿåòñÿ îñòàòêîì 
ïîëíîé ðàáîòû, ñîâåðøàåìîé íàä ñèñòåìîé ïîñëå 
åå ÷àñòè÷íîãî èñïîëüçîâàíèÿ íà ïðèäàíèå ñëîÿì 
ñåò÷àòêè êèíåòè÷åñêîé ýíåðãèè, à òàêæå íà ïðåîäî-
ëåíèå ïîëÿ ñèë óïðóãîé è ïëàñòè÷åñêîé äåôîðìà-
öèè è âûäåëåíèå òåïëà. Ïðè òàêîé ôîðìóëèðîâêå 
çàäà÷è ðàññìàòðèâàåìûé âîïðîñ ìîæåò áûòü ñâå-
äåí ê îïðåäåëåíèþ ýíåðãèè ðàñêðûòèÿ òðåùèíû 
â ñïëîøíîé ñðåäå, êîòîðàÿ ïîëó÷åíà â ðàáîòå [8] 
äëÿ âñåõ îñíîâíûõ òèïîâ íàãðóæåíèé (ðàçðûâ, ïðî-
äîëüíûé è ïîïåðå÷íûé ñäâèã). Â äàííîé ðàáîòå ìû 
ó÷èòûâàåì íàãðóæåíèÿ íà ðàçðûâ, íàãðóæåíèÿ íà 
ïðîäîëüíûé è ïîïåðå÷íûé ñäâèã áóäóò îáñóæäåíû 
â äàëüíåéøåì. 

 
 2 2

1

1
.

2

IK
C

E


  (9)

Çäåñü   – êîýôôèöèåíò Ïóàññîíà ñåò÷àòêè 
( 0.48   [12]), à E  – ìîäóëü Þíãà ( 42 10E Ïà   
[12]). 

Óäåëüíàÿ ýíåðãèÿ ðàçðóøåíèÿ «÷èñëåííî ðàâíà 
ðàáîòå ïëàñòè÷åñêîé äåôîðìàöèè â òîíêîì ñëîå, 
ïðèìûêàþùåì» [8] ê ãðàíèöå ïîðû è, ñëåäîâàòåëü-
íî, ÿâëÿåòñÿ êîíñòàíòîé äëÿ äàííîãî ìàòåðèàëà. 
Ó÷èòûâàÿ òàêæå, ÷òî êîýôôèöèåíòû èíòåíñèâíî-
ñòè íàïðÿæåíèé çàìêíóòû íà çíà÷åíèÿ âíóòðèãëàç-
íîãî äàâëåíèÿ è ëèíåéíûå ðàçìåðû ìèêðîïîëîñòè 
(âûðàæåíèÿ 6, 7), èñõîäÿ èç (9), ìîæåò áûòü ïîñòðî-
åí êðèòåðèé êðèòè÷åñêîãî ðàçìåðà ìèêðîïîëîñòè, 
ïî ïðåâûøåíèè êîòîðîãî ïðè òåêóùåì âíóòðèãëàç-
íîì äàâëåíèè ðîñò ìèêðîïîðû ñòàíîâèòñÿ íåîáðà-
òèìûì: 

    
2 1

22 2

4 1 /
.

1 1 / 0.33( / )
c

EC l h
P

l l h l h



   

 (10)
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Â ñîîòíîøåíèè (10) Ð — âíóòðèãëàçíîå äàâëå-
íèå, l  – áîëüøàÿ ïîëóîñü ìèêðîïîðû, h  – òîëùè-
íà ñëîÿ ñåò÷àòêè â èçìåðÿåìîì ó÷àñòêå. 

Ïîäñòàâèâ çíà÷åíèÿ âíóòðèãëàçíîãî äàâëåíèÿ è 
ðàçìåðà ìèêðîïîëîñòè â ñåò÷àòêå, ïîëó÷àåì êîîð-
äèíàòû òî÷êè îòîáðàæåíèÿ â ïðîñòðàíñòâå (ðèñ. 4). 

Åñëè òî÷êà îòîáðàæåíèÿ ëåæèò âûøå ïîâåðõíîñòè, 
òî ïîðà ìåòàñòàáèëüíà è ïîäâåðæåíà âûñîêîìó ðè-
ñêó ðîñòà, ò.å. ôîâåîøèçèñ áóäåò ïðîãðåññèðîâàòü. 
Òàêèì îáðàçîì, ñîîòíîøåíèå (10) ìîæåò ðàññìà-
òðèâàòüñÿ êàê óíèâåðñàëüíûé êðèòåðèé íà÷àëà íå-
îáðàòèìîãî ôîâåîøèçèñà. 

Âûâîäû 

Â ðàáîòå ïîëó÷åíû êîëè÷åñòâåííûå êðèòå-
ðèè ïðîãíîçèðîâàíèÿ ðàçâèòèÿ ôîâåîøèçèñà 
ïðè âûñîêîé îñåâîé ìèîïèè íà îñíîâå ñðåäíåé 
êîíöåíòðàöèè ìèêðîïîëîñòåé â îáúåìå ñåò÷àòêè 
( / 1l l   ), à òàêæå íà îñíîâå ìåòîäà áàëàíñà 

ýíåðãèè (
   

2 1
22 2

4 1 /

1 1 / 0.33( / )
c

EC l h
P

l l h l h



   

) â 

ðàìêàõ ìîäåëè íåëèíåéíîé óïðóãîïëàñòè÷åñêîé 
ñðåäû. Ïðàêòè÷åñêîå èñïîëüçîâàíèå íàéäåííûõ 
êðèòåðèåâ äëÿ ïðîãíîçèðîâàíèÿ ïðîãðåññèðîâà-
íèÿ ôîâåîøèçèñà ïðåäïîëàãàåò îïðåäåëåíèå âíó-
òðèãëàçíîãî äàâëåíèÿ è ìàêñèìàëüíîãî ëèíåéíîãî 
ðàçìåðà ìèêðîïîëîñòè â òîëùå ñåò÷àòêè ïî äàí-
íûì ñïåêòðàëüíîé îïòè÷åñêîé êîãåðåíòíîé òîìî-
ãðàôèè. 

Ïåðñïåêòèâû äàëüíåéøèõ èññëåäîâàíèé. Â êëè-
íè÷åñêèõ óñëîâèÿõ îïðåäåëèòü äèàãíîñòè÷åñêóþ 
ýôôåêòèâíîñòü ðàçðàáîòàííûõ êðèòåðèåâ äëÿ ïðî-
ãíîçèðîâàíèÿ ïðîãðåññèðîâàíèÿ ôîâåîøèçèñà. 

 

Ðèñ. 4. Ãðàôè÷åñêîå èçîáðàæåíèå çàâèñèìîñòè Ð (l, h) 
(ñì. âûðàæåíèå (10)). Ïîëó÷åííàÿ ïîâåðõíîñòü ðàçäåëÿåò 
Ð (l, h)-ïðîñòðàíñòâî îòîáðàæåíèÿ íà äâà ïîäïðîñòðàíñòâà, 
ñîîòâåòñòâóþùèõ íèçêîìó (òî÷êà îòîáðàæåíèÿ íèæå ïëî-
ñêîñòè) è âûñîêîìó (òî÷êà îòîáðàæåíèÿ âûøå ïëîñêîñòè) 
óðîâíþ ðèñêà ðàçâèòèÿ ôîâåîøèçèñà. P — âíóòðèãëàçíîå 
äàâëåíèå, l — ðàçìåð áîëüøîé ïîëóîñè ìèêðîïîëîñòè â 
ñåò÷àòêå, h — òîëùèíà ñåò÷àòêè â èññëåäóåìîé îáëàñòè. 
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