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Âñòóï. Â òåïåðåøí³é ÷àñ ìåõàí³çìè çì³í âëàñòèâîñòåé ñ³òê³âêè ïðè ôîð-
ìóâàíí³ ôîâåîøèçèñó äåòàëüíî íå âèâ÷åí³, â³äñóòí³ ìàòåìàòè÷í³ ìîäåë³ 
ðîçâèòêó ôîâåîøèçèñó. 
Ìåòà: ðîçðîáèòè ìàòåìàòè÷íó ìîäåëü çì³íè ìåõàí³÷íèõ âëàñòèâîñòåé 
ñ³òê³âêè ïðè ðîçâèòêó ôîâåîøèçèñó. 
Ìàòåð³àë òà ìåòîäè. Îáñòåæåíî 7 õâîðèõ (14 î÷åé) ç âèñîêîþ îñüîâîþ 
ì³îï³ºþ ³ ì³îï³÷íîþ ìàêóëîïàò³ºþ. Âñ³ì õâîðèì ïðîâîäèëè ñïåêòðàëüíó 
îïòè÷íó êîãåðåíòíó òîìîãðàô³þ íà àïàðàò³ «Soct Copernicus Optopol». Çà-
ñòîñîâàí³ ìàòåìàòè÷í³ ìåòîäè òåîð³¿ ðóéíóâàííÿ ïðóæíèõ òà ïðóæíî-
ïëàñòè÷íèõ ìàòåð³àë³â. 
Ðåçóëüòàòè. Ó âñ³õ ïàö³ºíò³â ç âèñîêîþ îñüîâî¿ ì³îï³ºþ íà ñêàíîãðàììàõ 
âèÿâëåíî íàÿâí³ñòü ì³îï³÷íîãî ïðîô³ëþ çàäíüîãî ïîëþñà îêà, îáóìîâëåíó çà-
äíüîþ ñòàô³ëîìîþ, òà çì³íè ðåëüºôó ³ àðõ³òåêòîí³êè ñ³òê³âêè â îáëàñò³ 
ìàêóëè. Ó çîâí³øí³õ øàðàõ ñ³òê³âêè ïðè ôîâåîøèçèñ³ âèçíà÷àëèñÿ ã³ïîåõî-
ãåíí³ ì³êðîïîðîæíèíè ð³çíîãî ðîçì³ðó. Ìîæëèâ³ ïðè÷èíè ïîÿâè ³ ïîäàëü-
øîãî ïðîãðåñóâàííÿ ôîâåîøèçèñó ìîæíà ðîçä³ëèòè íà åêñòðàðåòèíàëüí³ ³ 
³íòðàðåòèíàëüí³. Äî åêñòðàðåòèíàëüíèõ ïðè÷èí ñë³ä â³äíåñòè íàÿâí³ñòü 
â³òðåîðåòèíàëüíèõ òðàêö³é ³ çàäíüî¿ ì³îï³÷íî¿ ñòàô³ëîìè. Äî ³íòðàðåòè-
íàëüíèõ — ïîÿâó ì³êðîïîð â çîâí³øíüîìó ñ³ò÷àñòîìó øàð³ ñ³òê³âêè. Ïðè 
îïèñ³ ïðîöåñ³â, ùî â³äáóâàþòüñÿ ïðè ôîâåîøèçèñ³, áóëè çàñòîñîâàí³ ô³çè÷í³ 
çàêîíè, ùî îïèñóþòü äåôîðìàö³¿ ³ ðóéíóâàííÿ, ÿê³ â³äáóâàþòüñÿ â êîìïî-
çèòíèõ ìàòåð³àëàõ. Íàÿâí³ñòü ì³êðîïîð â òêàíèí³ ñ³òê³âêè ïðè ôîâåîøè-
çèñ³ ïðèçâîäèòü äî êîíöåíòðàö³¿ çíà÷íèõ ìåõàí³÷íèõ íàïðóæåíü, ÿê³ òèì 
³ñòîòí³øå áóäóòü ïîçíà÷àòèñÿ íà ïðóæíîïëàñòè÷íèõ âëàñòèâîñòÿõ ñ³ò-
ê³âêè, ÷èì âèùå ¿õ êîíöåíòðàö³ÿ. Îáãîâîðåíî ïðèðîäó çðîñòàííÿ ìåõàí³÷-
íèõ íàïðóæåíü â ñ³òê³âö³ ïðè ôîâåîøèçèñ³. Íàâåäåíèé àíàë³ç ìîæå ëÿãòè â 
îñíîâó âèçíà÷åííÿ ïëàñòè÷íèõ åôåêò³â íàâêîëî ì³êðîïîð, ùî íàäàë³ äîçâî-
ëèòü ñôîðìóëþâàòè êîíêðåòí³ ê³ëüê³ñí³ êðèòåð³¿ çðîñòàííÿ ì³êðîïîðîæ-
íèí ïðè ôîâåîøèçèñ³ ïðè çàäàíèõ çîâí³øí³õ óìîâàõ. 
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Introduction. At present mechanisms of retinal property changes in foveoschisis 
have not been studied; there is no mathematical model of foveoschisis develop-
ment. 
Purpose. To develop a mathematical model of the mechanism of retinal property 
changes in foveoschisis. 
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. There are posterior staphyloma and myopic foveoschisis diagnosed in all 
patients with high axial myopia. Potential causes of foveoschisis progressing can 
be divided into extraretinal and intraretinal ones. The extraretinal causes are the 
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Ââåäåíèå. Ïðîáëåìà ðàçâèòèÿ ôîâåîøèçèñà ó 
ïàöèåíòîâ ñ âûñîêîé îñåâîé ìèîïèåé â íàñòîÿùåå 
âðåìÿ ïðèîáðåòàåò âñå áîëüøóþ àêòóàëüíîñòü, ÷òî 
ñâÿçàíî ñ ðàñøèðåíèåì äèàãíîñòè÷åñêèõ âîçìîæ-
íîñòåé ñîâðåìåííûõ ìåòîäîâ ïîñëîéíîé âèçóà-
ëèçàöèè ñåò÷àòêè. Ñîãëàñíî äàííûì ëèòåðàòóðû, 
ìèîïè÷åñêèé ôîâåîøèçèñ äèàãíîñòèðóåòñÿ ó 8,0–
62,5 % ïàöèåíòîâ ñ âûñîêîé îñëîæíåííîé ìèîïèåé 
[12, 14]. 

Ïî ñóòè, ôîâåîøèçèñ ïðåäñòàâëÿåò ñîáîé ðàñ-
ñëîåíèå ñåò÷àòêè, êîòîðîå íàèáîëåå ÷àñòî ïðîèñ-
õîäèò íà óðîâíå íàðóæíîãî ñåò÷àòîãî ñëîÿ (íàðóæ-
íûé ðåòèíîøèçèñ), ñ ìåíüøåé ÷àñòîòîé äàííûé 
ïðîöåññ ðàçâèâàåòñÿ âî âíóòðåííåì ñåò÷àòîì ñëîå 
(ñðåäèííûé ðåòèíîøèçèñ) èëè ïîä âíóòðåííåé ïî-
ãðàíè÷íîé ìåìáðàíîé (âíóòðåííèé ðåòèíîøèçèñ 
èëè îòñëîéêà âíóòðåííåé ïîãðàíè÷íîé ìåìáðàíû) 
[7]. Íà íà÷àëüíûõ ñòàäèÿõ òå÷åíèå ôîâåîøèçèñà 
áåññèìïòîìíîå. Îäíàêî, êàê óêàçûâàþò íåêîòî-
ðûå àâòîðû, êëèíè÷åñêîå òå÷åíèå äàííîãî ñîñòîÿ-
íèÿ ÿâëÿåòñÿ äîñòàòî÷íî íåïðåäñêàçóåìûì [9]. Ïðè 
ðàçâèòèè êèñòîçíûõ èçìåíåíèé ñåò÷àòêè èëè ëà-
ìåëëÿðíûõ ðàçðûâîâ âîçíèêàåò ñòîéêîå ñíèæåíèå 
öåíòðàëüíîãî çðåíèÿ. Òàêæå â ëèòåðàòóðå îòìå÷åíî, 
÷òî íàëè÷èå ìèîïè÷åñêîãî ôîâåîøèçèñà ÿâëÿåòñÿ 
ôàêòîðîì ðèñêà ðàçâèòèÿ êèñòîçíîãî ìàêóëÿðíîãî 
îòåêà ñåò÷àòêè ïîñëå ôàêîõèðóðãèè [8] ó ïàöèåíòîâ 
ñ ìèîïèåé è äîñòîâåðíî óõóäøàåò ôóíêöèîíàëüíûå 
ðåçóëüòàòû âèòðåîðåòèíàëüíîé õèðóðãèè ó äàííîé 
êàòåãîðèè áîëüíûõ [11, 13]. 

Íåñìîòðÿ íà òî, ÷òî èçìåíåíèÿ, ïðîèñõîäÿùèå 
â ñåò÷àòêå ïðè ôîâåîøèçèñå, äîñòàòî÷íî õîðîøî 
îïèñàíû, ïàòîãåíåç è ïîñëåäîâàòåëüíîñòü ìåõà-
íèçìîâ ôîðìèðîâàíèÿ äàííûõ èçìåíåíèé â òîëùå 
ñåò÷àòêè â íàñòîÿùåå âðåìÿ ïî-ïðåæíåìó íå èçó÷å-
íû. Ñëåäóåò îòìåòèòü, ÷òî ñóùåñòâóþò ðàáîòû, ïî-
ñâÿùåííûå îïèñàíèþ áèîìåõàíèêè ðàçðûâà è ïî-
ñëåäóþùåãî îòñëîåíèÿ ñåò÷àòêè [10]. Óêàçàííûå 
ðàáîòû ÷ðåçâû÷àéíî öåííû ñ òî÷êè çðåíèÿ îöåíêè 
îñíîâíûõ ìåõàíè÷åñêèõ ïàðàìåòðîâ òêàíåé ãëàçà, 
õîòÿ íåëüçÿ íå îòìåòèòü ôðàãìåíòàðíîñòü èíôîð-
ìàöèè î ìàòåìàòè÷åñêîé ìîäåëè óïðóãèõ ñâîéñòâ 
ñåò÷àòêè. Â ðàáîòå Áàóýðà è ñîàâò. [2] îáñóæäà-
þòñÿ ïðîáëåìû óñëîâèé ðàçðóøåíèÿ ñîñóäèñòî-

ãî ñëîÿ ïðè ïðîâåäåíèè öèðêëÿæíûõ îïåðàöèé. 
Õîòÿ â óêàçàííîé ðàáîòå íå îáñóæäàþòñÿ âîïðîñû 
ôîâåîøèçèñà, îáùàÿ èäåÿ ïðèìåíåíèÿ ìåõàíèêî-
ìàòåìàòè÷åñêîãî ïðèíöèïà èç òåîðèè ðàçðóøåíèÿ 
êîìïîçèòíûõ ìàòåðèàëîâ ïðåäñòàâëÿåòñÿ ôèçè÷å-
ñêè öåííîé. Ñ íàøåé òî÷êè çðåíèÿ, äàííûå ïîä-
õîäû ìàòåìàòè÷åñêîãî ìîäåëèðîâàíèÿ ìîãóò áûòü 
ïðèìåíåíû ê îïèñàíèþ ïðîöåññîâ, ïðîèñõîäÿùèõ 
â ñåò÷àòêå ïðè ôîðìèðîâàíèè ôîâåîøèçèñà. 

Öåëü èññëåäîâàíèÿ. Ðàçðàáîòàòü ìàòåìàòè÷å-
ñêóþ ìîäåëü èçìåíåíèÿ ìåõàíè÷åñêèõ ñâîéñòâ ñåò-
÷àòêè ïðè ðàçâèòèè ôîâåîøèçèñà. 

Ìàòåðèàë è ìåòîäû èññëåäîâàíèé 
Ïîä íàáëþäåíèåì â êëèíèêå íà áàçå êàôåäðû îôòàëüìî-

ëîãèè Îäåññêîãî íàöèîíàëüíîãî ìåäèöèíñêîãî óíèâåðñèòå-
òà íàõîäèëîñü 7 áîëüíûõ (4 æåíùèíû è 3 ìóæ÷èí³) â âîçðàñ-
òå îò 45 äî 57 ëåò ñ äâóñòîðîííåé âûñîêîé îñåâîé ìèîïèåé 
è ìèîïè÷åñêîé ìàêóëîïàòèåé. Ñðåäíèé ñôåðè÷åñêèé ýêâè-
âàëåíò ãëàç ñîñòàâèë (-11,2D±0,5). Ïåðåäíåçàäíèé ðàçìåð â 
ñðåäíåì ñîñòàâëÿë (27,76±0,4) ìì. 

Âñåì áîëüíûì ïðîâîäèëîñü ñòàíäàðòíîå îôòàëüìîëîãè-
÷åñêîå îáñëåäîâàíèå. Èçó÷åíèå ìîðôîëîãè÷åñêèõ îñîáåí-
íîñòåé ñåò÷àòêè âûïîëíÿëè ìåòîäîì ñïåêòðàëüíîé îïòè÷å-
ñêîé êîãåðåíòíîé òîìîãðàôèè íà àïïàðàòå «Soct Copernicus 
Optopol» â ðåæèìå «Asterisk scanning program» è «3D 
scanning program» ñ ïîñëåäóþùèì àíàëèçîì ïî ñòàíäàð-
òó «Macular analysis». Ó âñåõ ïàöèåíòîâ ñ âûñîêîé îñåâîé 
ìèîïèåé áûëà âûðàæåíà çàäíÿÿ ñòàôèëîìà è äèàãíîñòèðî-
âàí ìèîïè÷åñêèé ôîâåîøèçèñ, ó äâóõ ïàöèåíòîâ ôîâåøèçèñ 
íîñèë áèëàòåðàëüíûé õàðàêòåð. Ïðè ýòîì îòìå÷àëñÿ íà-
ðóæíûé ôîâåîøèçèñ, ÷òî íà ñêàíîãðàììàõ ñîïðîâîæäàëîñü 
ðàçðåæåíèåì òêàíè ñåò÷àòêè íà óðîâíå íàðóæíîãî ñåò÷àòîãî 
ñëîÿ, ïîÿâëåíèåì ãèïîýõîãåííûõ ìèêðîïîð. Ó îäíîãî èç îá-
ñëåäîâàííûõ, ïîìèìî íàðóæíîãî ôîâåîøèçèñà, îòìå÷åíà 
îòñëîéêà âíóòðåííåé ïîãðàíè÷íîé ìåìáðàíû. Ñðåäè äðóãèõ 
èçìåíåíèé âèòðåîðåòèíàëüíîãî èíòåðôåéñà ó îáñëåäîâàí-
íûõ áîëüíûõ îòìå÷åíî íàëè÷èå îòñëîéêè çàäíåé ãèàëî-
èäíîé ìåìáðàíû è âèòðåîðåòèíàëüíûõ òðàêöèé. Â ðàáîòå 
èñïîëüçîâàíû ìàòåìàòè÷åñêèå ìåòîäû òåîðèè ðàçðóøåíèÿ 
óïðóãèõ è óïðóãî-ïëàñòè÷åñêèõ ìàòåðèàëîâ. 

Ðåçóëüòàòû è èõ îáñóæäåíèå 

Ó âñåõ ïàöèåíòîâ ñ âûñîêîé îñåâîé ìèîïèåé íà 
ñêàíîãðàììàõ îòìå÷åí ìèîïè÷åñêèé ïðîôèëü çà-
äíåãî ïîëþñà ãëàçà, îáóñëîâëåííûé ìèîïè÷åñêîé 
ñòàôèëîìîé. Ýòî, â ñâîþ î÷åðåäü, îêàçûâàëî âëèÿ-

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

presence of vitreoretinal traction and posterior myopic staphyloma. The intrareti-
nal causes are the appearance of micropores in the outer plexiform layer of the 
retina. In describing the processes occurring during foveoschisis there were applied 
physical laws describing the deformation and fracture occurring in composite ma-
terials. The presence of micropores in the retinal tissue in foveoschisis concentra-
tion leads to significant mechanical stress, which will be more substantial impact 
on the elastoplastic properties of the retina, the higher is their concentration. There 
was discussed the nature of the increase in stress in the retina in foveoschisis. The 
above analysis can be the basis excluding the effects of the plastic around the mi-
cropores, which will allow to formulate specific quantitative criteria in foveoschisis 
in future. 
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íèå íà ðåëüåô è àðõèòåêòîíèêó ñåò÷àòêè â îáëàñòè 
ìàêóëû. Â íàðóæíûõ ñëîÿõ ñåò÷àòêè áûëè âûÿâëå-
íû ãèïîýõîãåííûå ìèêðîïîëîñòè ðàçëè÷íîãî ðàç-
ìåðà (ðèñ. 1, 2). 

Ïðèðîäà îáðàçîâàíèÿ ìèêðîïîëîñòåé ìîæåò 
áûòü ðàçëè÷íîé — ìåõàíè÷åñêîé (â ñëó÷àå óäàðíûõ 
íàïðÿæåíèé, òðàêöèé) èëè áèîëîãè÷åñêîé (íàïðè-
ìåð â ñëó÷àå íàðóøåíèÿ òðîôèêè ñåò÷àòêè). Äàííàÿ 
ïðîáëåìà ìîæåò ñîñòàâèòü òåìó îòäåëüíîãî èññëå-
äîâàíèÿ, ìû æå ïîêàæåì, ÷òî ïîÿâëåíèå ìèêðî-
ïîëîñòè â îáúåìå ñåò÷àòêè ìîæåò ñïîñîáñòâîâàòü 
äàëüíåéøåìó ïðîãðåññèðîâàíèþ ôîâåîøèçèñà, à 
èìåííî îáðàçîâàíèþ íîâûõ ìèêðîïîëîñòåé è óâå-
ëè÷åíèþ èõ ðàçìåðà. Èçó÷åíèå çàêîíîìåðíîñòåé 

ïðîöåññà îáðàçîâàíèÿ ìèêðîïîëîñòåé ïîçâîëèò 
ñôîðìóëèðîâàòü àíàëèòè÷åñêîå âûðàæåíèå êðèòè-
÷åñêîãî ïàðàìåòðà, ïî ïðåâûøåíèè êîòîðîãî ïðî-
öåññ äàëüíåéøåãî ðàññëîåíèÿ áóäåò íîñèòü ïðî-
ãðåññèðóþùèé õàðàêòåð. 

Ñåò÷àòêà ñîñòîèò èç íåñêîëüêèõ ñëîåâ, íåîäíî-
ðîäíûõ ïî ñâîåìó ñòðîåíèþ è ôèçè÷åñêèì ñâîé-
ñòâàì. Ñëåäîâàòåëüíî ê ñåò÷àòêå, òåîðåòè÷åñêè, 
ìîãóò áûòü ïðèìåíåíû ôèçè÷åñêèå çàêîíû, îïèñû-
âàþùèå äåôîðìàöèè è ðàçðóøåíèÿ ïðîèñõîäÿùèå 
â êîìïîçèòíûõ ìàòåðèàëàõ. Êàê ñëåäóåò èç òåîðèè 
ðàçðóøåíèÿ ìàòåðèàëîâ [1], îáðàçîâàíèþ ðàçëîìîâ 
ïðåäøåñòâóåò ñòàäèÿ íàêîïëåíèÿ ïîâåðõíîñòíîé 
ýíåðãèè â áîëüøîì êîëè÷åñòâå ìèêðîòðåùèí âíó-
òðè îáúåìà îáðàçöà. Ïðè äîñòèæåíèè íåêîòîðî-
ãî êðèòè÷åñêîãî ðàçìåðà ìèêðîòðåùèíû ïðîöåññ 
ïðèîáðåòàåò áûñòðî íàðàñòàþùèé õàðàêòåð, ïðè-
âîäÿùèé ê êîíãëîìåðàöèè ìèêðîòðåùèí è îáðàçî-
âàíèþ ìàêðîñêîïè÷åñêîãî ðàçëîìà. Ñëåäóåò îñîáî 
îòìåòèòü íåêîòîðóþ îáùíîñòü â êàðòèíå òàêîãî ìå-
õàíèçìà ðàçðóøåíèÿ è îáùåé êëèíè÷åñêîé êàðòèíå 
ôîâåîøèçèñà. Íà÷àëüíàÿ è ïðîìåæóòî÷íàÿ ñòàäèè 
ðîñòà ìèêðîòðåùèí ñëàáî ñêàçûâàþòñÿ íà èçìå-
íåíèè ìàêðîñêîïè÷åñêèõ ïàðàìåòðîâ ìàòåðèàëà — 
íà÷àëüíàÿ ñòàäèÿ ôîâåîøèçèñà ìîæåò ïðîõîäèòü ó 
áîëüíîãî íåçàìå÷åííîé. Íàïðîòèâ, êîíå÷íàÿ ôàçà, 
ïðèâîäÿùàÿ ê ðàçðóøåíèþ, ïðîèñõîäèò áûñòðî ïðè 
ñðàâíèòåëüíî ìàëûõ çíà÷åíèÿõ âíåøíåãî âëèÿíèÿ. 
Ïðèìåíèòåëüíî ê êëèíèêå ýòî ñîïðîâîæäàåòñÿ 
ôîðìèðîâàíèåì ðàçðûâîâ ñåò÷àòêè, öåíòðàëüíîé 
îòñëîéêè (ðèñ. 3). 

Ñîõðàíåíèå ôîðìû òâåðäîãî òåëà, â äàííîì ñëó-
÷àå ñåò÷àòêè, îáúÿñíÿåòñÿ ðàâíîâåñíûì ìåæìî-
ëåêóëÿðíûì âçàèìîäåéñòâèåì. Ðàññìîòðèì âçàè-
ìîäåéñòâèå äâóõ ñîñåäíèõ ñëîåâ ñåò÷àòêè èëè äâóõ 

Ðèñ. 1. Ñêàíîãðàììà îáëàñòè ìàêóëû ñåò÷àòêè ïàöèåíòà 
Ê., 51 ã., ìèîïèÿ (-10,5D), ïåðåäíåçàäíèé ðàçìåð ãëàçà 27,8 
ìì. Ìèîïè÷åñêèé ïðîôèëü çàäíåãî ïîëþñà ãëàçà, î÷àãîâàÿ 
àòðîôèÿ ïèãìåíòíîãî ýïèòåëèÿ ñåò÷àòêè. Íà÷àëüíûå ïðîÿâ-
ëåíèÿ ôîâåîøèçèñà. 

Ðèñ. 2. Ñêàíîãðàììà îáëàñòè ìàêóëû ñåò÷àòêè ïàöèåíòêè 
Ã., 53 ë., ìèîïèÿ (-14,0D), ïåðåäíåçàäíèé ðàçìåð ãëàçà 28,8 
ìì. Ìèîïè÷åñêèé ïðîôèëü çàäíåãî ïîëþñà ãëàçà, î÷àãîâàÿ 
àòðîôèÿ ïèãìåíòíîãî ýïèòåëèÿ ñåò÷àòêè, ñêðûòàÿ ñóáðåòè-
íàëüíàÿ íåîâàñêóëÿðèçàöèÿ, ôîâåîøèçèñ, ýïèðåòèíàëüíàÿ 
ìåìáðàíà. 

Ðèñ. 3. Ñêàíîãðàììà îáëàñòè ìàêóëû ñåò÷àòêè ïàöèåíò-
êè Ã., 53 ë., ìèîïèÿ (-15,5D), ïåðåäíåçàäíèé ðàçìåð ãëàçà 
29,1 ìì. Ìèîïè÷åñêèé ïðîôèëü çàäíåãî ïîëþñà ãëàçà, 
ôîâåîøèçèñ, ëàìåëëÿðíûé ðàçðûâ ñåò÷àòêè, ýïèðåòè-
íàëüíàÿ ìåìáðàíà. Öåíòðàëüíàÿ îòñëîéêà íåéðîýïèòå-
ëèÿ. 
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ó÷àñòêîâ â ïðåäåëàõ îäíîãî ñëîÿ. Çàâèñèìîñòü ìå-
õàíè÷åñêîãî íàïðÿæåíèÿ, âîçíèêàþùåãî â ðåçóëü-
òàòå ñìåùåíèÿ ñëîåâ íà íåêîòîðîå ðàññòîÿíèå r, 
áóäåò èìåòü âèä (ðèñ. 4) [5]. 

 

Ðèñ. 4. Çàâèñèìîñòü ìåõàíè÷åñêîãî íàïðÿæåíèÿ â òîëùå 
ñåò÷àòêè, âîçíèêàþùåãî â ðåçóëüòàòå ñìåùåíèÿ åå ñëîåâ. 
 — ìåõàíè÷åñêîå íàïðÿæåíèå, r — ðàññòîÿíèå îòíîñèòåëü-
íîãî ñìåùåíèÿ ñîñåäíèõ ñëîåâ ñåò÷àòêè. 

Çäåñü <r> — ñðåäíåå ðàâíîâåñíîå ìåæìîëåêó-
ëÿðíîå ðàññòîÿíèå; r

max
 — ìàêñèìàëüíîå ðàññòîÿíèå 

ìåæäó ñëîÿìè/ó÷àñòêàìè, ïîñëå êîòîðîãî íà÷èíà-
åòñÿ ðàçðûâ (ðàçðóøåíèå òêàíè ñåò÷àòêè);  — ìå-
õàíè÷åñêîå íàïðÿæåíèå ( = F/S), ãäå F íîðìàëüíàÿ 
ñèëà, ïðèëîæåííàÿ ê ïëîùàäè S. 

Ïðîèçâåäåì îöåíêó íàïðÿæåíèÿ íà ðàçðûâ 


max
. Äëÿ ýòîãî ïî àíàëîãèè ñ [12] áóäåì îïèñûâàòü 

ôðàãìåíò çàâèñèìîñòè (r), ãäå r  [<r>, r
max

] ñèíó-
ñîèäîé âèäà: 

 
  

   
 max sin2

r r

r
  (1)

Â ñèëó îïðåäåëåíèÿ ìîäóëÿ Þíãà (÷èñëåííî ðà-
âåí óãëó íàêëîíà êàñàòåëüíîé ê êðèâîé íàïðÿæåíèÿ 

(ðèñ. 4) â òî÷êå r = <r>) [13] 
0

d
E

d 





, ïîëó÷èì 

 max max max0
sin2 2 cos2 2

d
E

d 
       


. (2)

Çäåñü ìû ó÷ëè, ÷òî îòíîñèòåëüíàÿ äåôîðìàöèÿ 
r r

r

  
 

 
. Òîãäà 

 
max 2

E
 


. (3)

Çíàÿ ìîäóëü Þíãà E, íàïðèìåð èñïîëüçóÿ äàí-
íûå èç ðàáîòû [14], âûðàæåíèå (3) ìîæíî èñïîëüçî-
âàòü äëÿ îöåíêè êðèòè÷åñêîãî ìåõàíè÷åñêîãî âîç-
äåéñòâèÿ äëÿ îáðàçîâàíèÿ ïåðâè÷íûõ ìèêðîïîð â 
îáúåìå ñåò÷àòêè. 

Ñëåäóåò îòìåòèòü, ÷òî èñõîäÿ èç òåîðèè ìàòåðè-
àëîâ, èñïîëüçîâàíèå ïîäîáíîãî ìåõàíèçìà îöåíêè 
íàïðÿæåíèé ÷àñòî ïðèâîäèò ê ñèëüíî çàâûøåííûì 
çíà÷åíèÿì. Ýòî îáúÿñíÿåòñÿ òåì, ÷òî â ìàòåðèàëå 
âñåãäà ïðèñóòñòâóþò äåôåêòû, ñèëüíî ïîíèæàþùèå 
ïðî÷íîñòíûå ñâîéñòâà îáðàçöà. È õîòÿ ïîäîáíîå çà-

ìå÷àíèå ñïðàâåäëèâî, â ïåðâóþ î÷åðåäü, äëÿ õðóï-
êèõ ìàòåðèàëîâ ñ èñïîëüçîâàíèåì «èäåàëüíîãî» 
çíà÷åíèÿ E, ñëåäóåò ïðèçíàòü, ÷òî âûðàæåíèå (3) 
ìîæåò ñëóæèòü ëèøü äëÿ îðèåíòèðîâî÷íîé îöåíêè 
ïîðÿäêà âåëè÷èíû ìåõàíè÷åñêèõ íàïðÿæåíèé, ò.ê. 
óïðóãèå ñâîéñòâà ñåò÷àòêè â çíà÷èòåëüíîé ñòåïåíè 
èíäèâèäóàëüíû â ñèëó èíäèâèäóàëüíîãî áèîëîãè-
÷åñêîãî ñîñòîÿíèÿ òêàíè. 

Ñëåäóåò îòìåòèòü, ÷òî ôîðìèðîâàíèå ìåõàíè-
÷åñêèõ íàïðÿæåíèé îáåñïå÷èâàåòñÿ âèòðåàëüíûìè 
òðàêöèÿìè è ìèîïè÷åñêîé äåôîðìàöèåé çàäíåãî 
ïîëþñà ãëàçà ïðè âûñîêîé îñåâîé ìèîïèè. Ê ñî-
æàëåíèþ, ñîâðåìåííûå âîçìîæíîñòè ÎÊÒ ïîçâî-
ëÿþò ëèøü êîíñòàòèðîâàòü ôàêò íàëè÷èÿ òðàêöèè, 
íî íå ïîçâîëÿþò èçìåðèòü ñèëó âîçäåéñòâèÿ òðàê-
öèè íà ðàçðûâ ñåò÷àòêè. Òî÷íî òàê æå ñ ïîìîùüþ 
ìåòîäîâ âèçóàëèçàöèè çàäíåãî îòäåëà ãëàçà (ÎÊÒ, 
ÓÇ-ñêàíèðîâàíèå) ìîæíî âûÿâèòü çàäíþþ ñòàôè-
ëîìó, íî îïðåäåëèòü ñòåïåíü åå âëèÿíèÿ íà àðõèòåê-
òîíèêó ñåò÷àòêè â îáëàñòè ìàêóëû íå ïðåäñòàâëÿåò-
ñÿ âîçìîæíûì. 

Äëÿ ëó÷øåãî ïîíèìàíèÿ ñòåïåíè âëèÿíèÿ ìè-
êðîïîð íà ðàñïðåäåëåíèå ìåõàíè÷åñêèõ íàïðÿæå-
íèé â îáúåìå ñåò÷àòêè ðàññìîòðèì âîïðîñ îá îñåâîé 
çàâèñèìîñòè íàïðÿæåíèé 

y
 â ïëîñêîñòè ïðîèç-

âîëüíî âûáðàííîãî ñå÷åíèÿ. Ïðèìåíèòåëüíî ê ñåò-
÷àòêå âîçíèêíîâåíèå ìèêðîïîëîñòåé â íàðóæíîì 
ñåò÷àòîì ñëîå èçìåíÿåò àðõèòåêòîíèêó ñåò÷àòêè, 
âçàèìîîòíîøåíèå ìåæäó åå ñëîÿìè. Ïðåäïîëîæèì, 
÷òî â ðåçóëüòàòå íåêîòîðîãî âíåøíåãî âëèÿíèÿ ñî-
ñåäíèå ñëîè ñåò÷àòêè (èëè ñîñåäíèå ó÷àñòêè ñëîÿ) 
ðàçîøëèñü, ÷òî ïðèâåëî ê ôîðìèðîâàíèþ íåêîòî-
ðîé ìèêðîïîëîñòè, ñå÷åíèå êîòîðîé èìååò êâàçè-
ýëëèïòè÷åñêóþ ôîðìó, ëèíåéíûå ðàçìåðû êîòîðîé 
çàäàþòñÿ ïîëóîñÿìè l è b (ðèñ. 5). Èçó÷åíèå ïðå-
îáëàäàþùèõ ôîðì ìèêðîïîëîñòåé ïîäòâåðæäàåò 
ñïðàâåäëèâîñòü ýòîãî ïðåäïîëîæåíèÿ. 

 

Ðèñ. 5. Ïðèíöèïèàëüíûé âèä íàãðóæåíèÿ ìèêðîïîëîñòè â 
òîëùå ñåò÷àòêè. F

y
 — ñèëû, ïðèâîäÿùèå ê îáðàçîâàíèþ ìè-

êðîïîëîñòè, l, b — ëèíåéíûå ðàçìåðû ìèêðîïîëîñòè. 

Î÷åâèäíî çàâèñèìîñòü y-êîìïîíåíòû òåíçîðà 
íàïðÿæåíèé 

y
(x) ìîæåò áûòü ïîëó÷åíà íà îñíîâå 

àíàëèçà ëèíåéíîãî çàêîíà Ãóêà y y

dy
d Ed E

y
    . 

Çàêîí Ãóêà ýòî ëèíåéíûé çàêîí óïðóãîñòè, ñòðî-
ãî âûïîëíÿåìûé òîëüêî äëÿ èäåàëüíî óïðóãèõ òåë. 
Çàêîí ìàòåìàòè÷åñêè óñòàíàâëèâàåò òîò ôàêò, ÷òî 
âåëè÷èíà îòíîñèòåëüíîé äåôîðìàöèè ðàñòåò ïðÿ-
ìî ïðîïîðöèîíàëüíî çíà÷åíèþ ïðèëîæåííîãî ìå-
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õàíè÷åñêîãî íàïðÿæåíèÿ. Òàê êàê ãðàíèöà ðàçäåëà 
ïîðà-ñðåäà îïèñûâàåòñÿ óðàâíåíèåì: 

 
2 2

2 2
1

y x

b l
  , (4)

(ãäå y, x — ýòî êîîðäèíàòû âäîëü ìàëîé è áîëüøîé 
ïîëóîñè ìèêðîïîëîñòè ñîîòâåòñòâåííî, l, b — êàê è 
ðàíåå áîëüøàÿ è ìàëàÿ ïîëóîñü ìèêðîïîëîñòè), òî 

 
1/22

2
2

1

bxdx
dy

x
l

l

 
 
 

 

. (5)

È ñëåäîâàòåëüíî, 

 
2

2 22

2

ln 1
2

1
y

E xdx E x

l lx

l

 
     

    
 

 . (6)

ãäå 
ó
 — ýòî ìåõàíè÷åñêîå íàïðÿæåíèå âäîëü ìàëîé 

ïîëóîñè ìèêðîïîëîñòè, x — êîîðäèíàòà âäîëü áîëü-
øîé ïîëóîñè ìèêðîïîëîñòè. 

Êàê âèäíî èç ôîðìóëû (6), ìåõàíè÷åñêîå íàïðÿ-
æåíèå ïðèíèìàåò áåñêîíå÷íûå çíà÷åíèÿ íà ïðî-
ôèëå îáëàñòè (õ = l), ÷òî âïîëíå êîððåëèðóåò ñ ðå-
çóëüòàòàìè, ïðèâåäåííûìè â ðàáîòàõ [1, 6]. Òî åñòü, 
ìåõàíè÷åñêîå íàïðÿæåíèå ðàñòåò ïî ìåðå ïðèáëè-
æåíèÿ ê ãðàíèöå ìèêðîïîëîñòè. Ñëåäóåò êîíå÷íî 
îòìåòèòü, ÷òî ñèíãóëÿðíîñòü òèïà (6) ñâèäåòåëü-
ñòâóåò ëèøü î íàêîïëåíèè íàïðÿæåíèé âáëèçè êîí-
öà ìèêðîïîðû ïðè ýòîì íå èìåÿ íåïîñðåäñòâåííîãî 
ôèçè÷åñêîãî ñìûñëà, ÷òî îáóñëîâëåíî îòñóòñòâèåì 
ó÷åòà ýôôåêòîâ ïëàñòè÷íîñòè. 

Â äåéñòâèòåëüíîñòè êàðòèíà ðàñïðåäåëåíèÿ 
íàïðÿæåíèé äîëæíà áûòü òàêîé, êàê èçîáðàæåíî 
íà ðèñ. 6. Ñìåùåíèå ðåàëüíîé çàâèñèìîñòè (x) 
(ñïëîøíàÿ ëèíèÿ) îò èäåàëüíî óïðóãîé (ïóíêòèð) 
ñëåäóåò èç çàêîíà ñîõðàíåíèÿ ýíåðãèè, ò.ê. ïëîùàäü 
ïîä êðèâîé (x) ïðîïîðöèîíàëüíà ðàáîòå ñèë äå-
ôîðìàöèè. 

Ñëåäóåò îòìåòèòü, ÷òî â ïðèðîäå íå ñóùåñòâóåò 
åäèíîãî çàêîíà Ãóêà, êîòîðûé áû îïèñûâàë âñå ñòà-
äèè äåôîðìàöèè. Äëÿ òîãî ÷òîáû âíåñòè â îïèñà-
íèå çàâèñèìîñòè 

y
(x) ìàòåìàòè÷åñêóþ ñòðîãîñòü, 

íåîáõîäèìî áûëî áû ïðè ïîëó÷åíèè âûðàæåíèÿ (6) 
êîìáèíèðîâàòü ëèíåéíóþ è íåëèíåéíóþ ôîðìû 
çàêîíà Ãóêà ñ íàëîæåíèåì ñîîòâåòñòâóþùåãî âû-
ðàæåíèÿ ñîâìåñòíîñòè, ÷òî ñîïðÿæåíî ñ àíàëèòè-
÷åñêèìè òðóäíîñòÿìè, çà÷àñòóþ íåðàçðåøèìûìè. 
Ïîýòîìó â äàííîì ñëó÷àå ìû îãðàíè÷èìñÿ êà÷å-

ñòâåííûìè ðàññóæäåíèÿìè íà îñíîâå ôèçè÷åñêè 
î÷åâèäíîé êàðòèíû íàãðóæåíèé (ñì. ðèñ. 6). 

 

Ðèñ. 6. Ðàñïðåäåëåíèå ìåõàíè÷åñêèõ íàïðÿæåíèé â îáúåìå 
è îêðåñòíîñòè ìèêðîïîðû. Ïóíêòèðîì óêàçàíî ðàñïðåäåëå-
íèå íàïðÿæåíèé ñîãëàñíî òåîðåòè÷åñêîìó âûðàæåíèþ (6). 
Ñïëîøíàÿ ëèíèÿ ñîîòâåòñòâóåò ôèçè÷åñêè ïðàâèëüíîé çà-
âèñèìîñòè ñ ó÷åòîì ýôôåêòîâ ïëàñòè÷åñêîé äåôîðìàöèè, 


ò
 — ìåõàíè÷åñêîå íàïðÿæåíèå, ñîîòâåòñòâóþùåå ïðåäåëó 

òåêó÷åñòè. 

Âûâîäû 

1. Âîçìîæíûå ïðè÷èíû ïîÿâëåíèÿ è äàëü-
íåéøåãî ïðîãðåññèðîâàíèÿ ôîâåîøèçèñà ìîæíî 
ðàçäåëèòü íà ýêñòðàðåòèíàëüíûå è èíòðàòðåòè-
íàëüíûå. Ê ýêñòðàðåòèíàëüíûì ïðè÷èíàì ñëåäó-
åò îòíåñòè íàëè÷èå âèòðåîðåòèíàëüíûõ òðàêöèé è 
çàäíåé ìèîïè÷åñêîé ñòàôèëîìû. Ê èíòðàðåòèíàëü-
íûì — ïîÿâëåíèå ìèêðîïîð â íàðóæíîì ñåò÷àòîì 
ñëîå ñåò÷àòêè. 

2. Íàëè÷èå ìèêðîïîð â îáúåìå òêàíè ñåò÷àòêè 
ïðèâîäèò ê êîíöåíòðàöèè çíà÷èòåëüíûõ ìåõàíè÷å-
ñêèõ íàïðÿæåíèé, êîòîðûå áóäóò òåì ñóùåñòâåííåå 
ñêàçûâàòüñÿ íà óïðóãîïëàñòè÷åñêèõ ñâîéñòâàõ ñåò-
÷àòêè, ÷åì âûøå èõ êîíöåíòðàöèÿ. 

3. Îáñóæäåíà ïðèðîäà âîçðàñòàíèÿ ìåõàíè÷å-
ñêèõ íàïðÿæåíèé (âûðàæåíèå (6) ïî òåêñòó). Ïðè-
âåäåííûé àíàëèç ìîæåò ëå÷ü â îñíîâó ó÷åòà ïëà-
ñòè÷åñêèõ ýôôåêòîâ â îêðåñòíîñòè ìèêðîïîð, ÷òî 
ïîçâîëèò ñôîðìóëèðîâàòü â äàëüíåéøåì êîíêðåò-
íûå êîëè÷åñòâåííûå êðèòåðèè ðîñòà ìèêðîïîëî-
ñòåé ïðè çàäàííûõ âíåøíèõ óñëîâèÿõ. 

Ïåðñïåêòèâû äàëüíåéøèõ èññëåäîâàíèé. Äëÿ ïî-
ëó÷åíèÿ èñ÷åðïûâàþùåãî è íàó÷íî îáîñíîâàííîãî 
îòâåòà íà âîïðîñ î êðèòè÷åñêîì çíà÷åíèè êîíöåí-
òðàöèè ìèêðîïîð, à òàêæå èõ ïðåäåëüíûõ ðàçìåðàõ 
íåîáõîäèìî ðåøàòü çàäà÷ó î ñêîðîñòè ðîñòà ïîðû 
ïðîèçâîëüíîé ôîðìû â ðàìêàõ ìîäåëè íåëèíåéíîé 
óïðóãîïëàñòè÷åñêîé ñðåäû. Â ñëåäóþùåì ñîîáùå-
íèè áóäåò ðàññìîòðåí ïðîöåññ ðîñòà ìèêðîïîëîñòè 
â òîëùå ñåò÷àòêè ïðè ôîâåîøèçèñå. 

Ëèòåðàòóðà 

1. Àñòàôüåâ Â. È. Íåëèíåéíàÿ ìåõàíèêà ðàçðóøåíèÿ / 
Â. È. Àñòàôüåâ, Þ. Í. Ðàäàåâ, Ë. Â. Ñòåïàíîâà. — Ñà-
ìàðà: Ñàìàðñêèé Óíèâåðñèòåò, 2001. — 562 ñ. 

2. Áàóýð Ñ. Ì. Ïðîñòåéøèå ìîäåëè òåîðèè îáîëî÷åê è 
ïëàñòèí â îôòàëüìîëîãèè / Ñ. Ì. Áàóýð, Á. À. Çèìèí, 

Ï. Å. Òîâñòèê. — ÑÏá.: Èçäàòåëüñòâî Ñ.-Ïåòåðá. óíè-
âåðñèòåòà, 2000. — 92 ñ. 

3. Èîìäèíà Å. Í. Ìåõàíè÷åñêèå ñâîéñòâà òêàíåé ãëàçà ÷å-
ëîâåêà / Å. Í. Èîìäèíà // Ñîâðåìåííûå ïðîáëåìû áèî-
ìåõàíèêè. — Âûï. 11. — Èçä-âî ÌÃÓ, 2006. — Ñ. 183–200. 



Âîïðîñû êëèíè÷åñêîé îôòàëüìîëîãèè

50 Îôòàëüìîëîãè÷åñêèé æóðíàë ¹ 4, 2014  

4. Êà÷àíîâ Ë. Ì. Îñíîâû òåîðèè ïëàñòè÷íîñòè / 
Ë. Ì. Êà÷àíîâ. — Ì.: Íàóêà, 1969. — 420 ñ. 

5. Ïåñòðèðîâ Â. Ì. Ìåõàíèêà ðàçðóøåíèÿ òâåðäûõ òåë / 
Â. Ì. Ïåñòðèðîâ, Å. Ì. Ìîðîçîâ. — Ñ.-Ïá.: Ïðîôåñ-
ñèÿ, 2002. — 320 ñ. 

6. Ðàáîòíîâ Þ. Í. Ââåäåíèå â ìåõàíèêó ðàçðóøåíèÿ / 
Þ. Í. Ðàáîòíîâ. — Ì.: Íàóêà, 1987. — 80 ñ. 

7. Ñòåáíåâ Â. Ñ. Ðåçóëüòàòû âèòðåîðåòèíàëüíîé õè-
ðóðãèè ôîâåîøèçèñà / Â. Ñ. Ñòåáíåâ, Â. Ì. Ìàëîâ, 
Ñ. Ä. Ñòåáíåâ // Âåñòíèê ÎÃÓ. — 2012. — ¹ 12. — 
Ñ. 191–193. 

8. A comparative study of complications of cataract surgery 
with phacoemulsification in eyes with high and normal ax-
ial length / H. Fesharaki, A. Peyman, M. Rowshandel [et 
al.] // Adv. Biomed. Res. — 2012. — Vol. 1:67. Published 
online Oct 31, 2012. doi:10.4103/2277–9175.102971. 

9. Foveoschisis in highly myopic eyes: clinical and tomograph-
ic features / À. Maalej, Ñ. Wathek, À. Khallouli [et al.] // 
J. Fr. Ophtalmol. — 2014. — Vol. 37, ¹ 1. — P. 42–46. 

10. Jones I. L. Mathematical modelling of the elastic prop-
erties of retina: a determination of Young’s modulus / 
I. L. Jones, M. Warner, J. D. Stevens // Eye. — 1992. — 
Vol. 6. — Ð. 556–559. 

11. Müller B. Myopic traction maculopathy — vitreoreti-
nal traction syndrome in high myopic eyes and posterior 
staphyloma / Müller B., À. Ì. Joussen // Klin. Monbl. 
Augenheilkd. — 2011. — Vol. 228, ¹ 9. Ð. 771–779. 

12. Natural course and surgical management of high myopic 
foveoschisis / A. Rey, I. Jürgens, X. Maseras, M. Carbajal 
// Ophthalmologica. — 2014. — Vol. 231, ¹ 1. P. 45–50. 

13. Sayanagi K. Reoperation for persistent myopic foveoschisis 
after primary vitrectomy / K. Sayanagi, Y. Ikuno, Y. Tano 
// Am. J. Ophthalmol. — 2006. — Vol. 141, ¹ 2. Ð. 414–
417. 

14. Wu P. Factors associated with foveoschisis and foveal de-
tachment without macular hole in high myopia / P. Wu, 
Y. Chen, C. Chen [et al.] // Eye. — 2009. — Vol. 23, 
¹ 2. — P. 356–361. 

Ïîñòóïèëà 08.05.2014 

Ëèòåðàòóðà 

1. Astafiev VI, Radayev YUn, Stepanova LV. Nonlinear frac-
ture mechanics. Samara: Samarskii Universitet; 2001. 
562 p. 

2. Bauer SM, Zimin BA, Tovstik PE. The simplest models in 
the theory of coats and plates in ophthalmology. SPb.: Iz-
datelstvo S.-Peterb. Universiteta; 2000. 92 p. 

3. Iomdina EN. Mechanical properties of tissues of the hu-
man eye. Modern problems of biomechanics. Issue 11. 
Izd-vo MGU; 2006. 183–200. 

4. Kachanov LM. Fundamentals of the plasticity theory. M.: 
Nauka; 1969. 420 p. 

5. Pestrirov VM, Morozov EM. Fracture Mechanics of Sol-
ids. S-Pb.: Professiia; 2002. 320 p. 

6. Rabotnov YuN. Introduction to fracture mechanics. M.: 
Nauka; 1987. 80 p. 

7. Stebnev VC, Malov VM, Stebnev SD. Ñòåáíåâ Â. Ñ. Re-
sults of vitreoretinal surgery for foveaschisis. Vestnik OGU. 
2012;12:191–3. Russian. 

8. Fesharaki H, Peyman A, Rowshandel M et al. A compara-
tive study of complications of cataract surgery with phaco-
emulsification in eyes with high and normal axial length. 

Adv. Biomed. Res. 2012;1:67. Published online Oct 31, 
2012. doi:10.4103/2277–9175.102971. 

9. Maalej À, Wathek Ñ, Khallouli À et al. Foveoschisis in high-
ly myopic eyes: clinical and tomographic features. J. Fr. 
Ophtalmol. 2014;37(1):42–6. 

10. Jones IL, Warner M, Stevens JD. Mathematical model-
ling of the elastic properties of retina: a determination of 
Young’s modulus. Eye. 1992;6:556–9. 

11. Müller B, Joussen ÀÌ. Myopic traction maculopathy — 
vitreoretinal traction syndrome in high myopic eyes 
and posterior staphyloma. Klin. Monbl. Augenheilkd. 
2011;228(9):771–9. 

12. Rey A, Jürgens I, Maseras X, Carbajal M. Natural course 
and surgical management of high myopic foveoschisis. 
Ophthalmologica. 2014;231(1):45–50. 

13. Sayanagi K, Ikuno Y, Tano Y. Reoperation for persistent 
myopic foveoschisis after primary vitrectomy. Am. J. Oph-
thalmol. 2006;141(2):414–7. 

14. Wu P, Chen Y, Chen C et al. Factors associated with foveos-
chisis and foveal detachment without macular hole in high 
myopia. Eye. 2009;23(2):356–61. 

Received 08.05.2014 


